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Evaluation of Infrastructure Asset Management tools for water distribution 
networks in the context of water utilities in Colombia 
 
Water distribution, as a public service, continually faces challenges. The assets that make up the 
water infrastructure system age and deteriorate; therefore, water utilities must consider 
investments to maintain them in good condition to meet performance indicators and the growing 
demand associated with the population increase. These investments should seek to make efficient 
use of available financial resources. 
 
This research carries out a reference framework for asset management in the context of water 
utilities. It presents an evaluation of a sample of Colombian companies to determine their current 
status against the key components of asset management. A summary of deterministic deterioration 
models available is presented, leading to selecting two models for their application in Manizales' 
water distribution network (Colombia). The asbestos-cement, polyvinylchloride, and polyethylene 
pipes are analysed by characterizing the failure rate's behaviour and applying the models proposed 
by Kettler and Goulter (1985) and Shamir and Howard (1979) to identify asset management tactics 
that can be implemented in the company. The models were evaluated using the MAPE (Mean 
Absolute Percentage Error), with slightly better results for the first one. However, the conclusion 
was that these models are not representative of the failure rate's behaviour in the analysed pipes. 
 
The research found that the failure rates of elements with a diameter equal to or greater than 8" 
are low, while the highest values corresponded to diameters of 2" and less. Around 61% of the 
failures were associated with joints between elements, not with the pipes themselves, showing that 
failures are the most vulnerable elements in the water network. 
 
Keywords: failure rate, infrastructure asset management, pipe failure analysis, tactical planning, 
water distribution networks. 
 




Evaluación de herramientas de gestión de activos de infraestructura para redes de 
distribución de agua potable en el contexto de empresas de agua en Colombia  
 
La prestación del servicio público de acueducto se enfrenta a constantes retos. Los activos que 
componen la infraestructura de acueducto envejecen y se deterioran, por lo tanto, las empresas de 
agua deben contemplar inversiones encaminadas a mantenerlos en buen estado para cumplir las 
metas de desempeño establecidas y la creciente demanda asociada al aumento poblacional. Estas 
inversiones deben buscar hacer un uso eficiente de los recursos financieros disponibles. 
 
En esta investigación se consolida un marco de referencia de la gestión de activos en el contexto de 
empresas de agua, y se realiza una evaluación de una muestra de empresas colombianas para 
determinar su estado actual frente a los componentes clave de la gestión de activos. Se presenta un 
resumen de modelos determinísticos de deterioro disponibles, y se seleccionan dos para su 
aplicación en la red de distribución de agua de Manizales (Colombia). Allí se analizan las tuberías de 
asbesto cemento, policloruro de vinilo y polietileno, mediante la caracterización del 
comportamiento de la tasa de fallas y la aplicación de los modelos propuestos por Kettler y Goulter 
(1985), y Shamir y Howard (1979), para identificar tácticas de gestión de activos que puedan ser 
implementadas en la empresa. El ajuste de los modelos se evaluó mediante el MAPE (Mean Absolute 
Percentage Error), con resultados ligeramente mejores para el primero de ellos. No obstante, se 
concluyó que no son representativos del comportamiento de las fallas en las tuberías analizadas. 
 
Se encontró que las tasas de falla de elementos con diámetro igual o superior a 8” son bajas, mientas 
que los mayores valores correspondieron a diámetros de 2” e inferiores. El 61% de las fallas se 
asociaron a uniones entre elementos, no a las tuberías propiamente dichas, mostrando que las 
uniones son las partes más vulnerables de la red. 
 
Palabras clave: análisis de fallas, gestión de activos de infraestructura, planeación táctica, redes de 
distribución de agua, tasa de fallas. 
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This research aims to approach the concept of infrastructure asset management in the drinking 
water sector in Colombia. This project aims to apply, to a practical study case, tools that allow the 
understanding of the behaviour of failures in water distribution networks and propose tactics and 
strategies that positively impact the water utility’s performance and sustainability through the 
conscious and planned management of its infrastructure assets. The term "infrastructure assets" 
refers to pipes, valves, storage tanks, pumping systems, water treatment plants, and others, which 
allow it to meet its objective of guaranteeing the continuous supply of drinking water. 
 
In Colombia, water utilities must comply with service goals regarding coverage, water quality, 
continuity, losses, pressure, efficient costs, and others established by current regulations1. These 
goals form the basis of the performance indicators that are monitored and monitored. To maintain 
the previous performance levels, the water utility must make constant investments in the systems' 
expansion, operation, maintenance, rehabilitation, and renovation, which involve the different asset 
life cycle stages. Generally, investment needs exceed the available resources. According to the World 
Bank (2018), annual investments in drinking water on the planet do not reach five trillion dollars. 
Meanwhile, the money required to guarantee adequate coverage and service quality sum up to 
thirty billion dollars. In Colombia, the situation is not different; consequently, the correct decision-
making about which assets should be intervened, in what way, when, and which of the assets are 
not a priority, makes the difference in the technical and financial results for the water company in 
the medium and long term. 
 
In this sense, this study's main objective is to apply infrastructure asset management tools for 
distribution networks as a means to prioritize investments and identify appropriate strategies to 
make efficient use of available resources. Accordingly, five specific objectives have been defined: 
1. Identify the fundamental elements in the technical and operational levels to implement 
infrastructure asset management in water utilities in Colombia. 
 
 
1 Resolution CRA 688 of 2014, Resolution 2115 of 2007, Resolution 330 of 2017, and others. 
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2. Qualitatively characterize the status of a sample of water utilities concerning internationally 
recognized practices related to infrastructure asset management. 
3. Identify models used to support investment decision-making in the renewal of water 
distribution network infrastructure, recognize their advantages, disadvantages, and 
applicability. 
4. Compare the fit of the models applied to the selected case study. 
5. Propose medium-term asset management strategies for the case study. 
 
The methodology used for the development of the research distinguishes three stages. The first 
stage consists of a literature review about Infrastructure Asset Management (IAM) in the water 
sector to define a conceptual framework applicable to water utilities in Colombia, emphasizing the 
tactical planning level. In a second stage, interviews were carried out with the personnel of a sample 
of water utilities to apply two evaluation tools, with which it is intended to identify strengths and 
opportunities for subsequent work in IAM. The third stage, which corresponds to the study case of 
Manizales' water network, started from obtaining the complete cadastre of the city's water 
distribution network and the history of failure records. Two deterministic models were selected to 
determine the failure rates' behaviour in the pipes of the three most representative materials. This 
analysis resulted in the proposal of asset management tactics that may positively impact the water 
distribution network's performance and the operating costs of the water utility. 
 
The methodology described above was developed in five chapters. The first contains the theoretical 
framework and the IAM concept's development, its scope at the strategic, operational, and tactical 
levels, emphasizing the latter. This chapter also exposes the benefits of including asset management 
as part of the policies and the organization's strategic planning. 
 
The second chapter describes two evaluation tools used internationally to characterize water 
companies concerning IAM and presents their application results in a sample of Colombian water 
utilities. 
 
The third chapter focuses on the infrastructure's reliability, understood as the probability that an 
element performs a required function under certain operating conditions and during a given time 
interval. In this sense, there were identified several models that seek to characterize the behaviour 
of the failure rate and predict breaks in pipes, the information requirements in each case, 





The fourth chapter presents the study case and the origin of the information used in the analysis 
carried out on PVC, polyethylene, and asbestos-cement pipes. It also details how data was prepared 
for the analysis, explains the methodology used to characterize the failures and the steps used to 
apply the deterministic models in the water distribution system of the city of Manizales. This chapter 
exhibits the results obtained and presents a discussion about them. 
 
The fifth chapter presents a methodological proposal that involves tactics for managing assets in the 
case study's water distribution networks, focused on reducing the failure of the elements and, 
consequently, investments in corrective maintenance, prolonging the useful life of the assets, and 
identifying priorities for care. 
 
Chapter six presents the research findings and makes recommendations for possible future 
developments. 
 
There is a total of four appendixes that explain in greater detail some of the concepts developed in 
the document. Appendix C presents the evaluation elements within the tools applied in the second 
chapter of the document. 
 
This document is expected to be a reference for those local water utilities interested in incorporating 
the IAM approach into their operation and planning processes. IAM is an opportunity to achieve a 
better service level, guarantee the service's continuity and reliability, expand coverage, and maintain 





1. Infrastructure Asset Management (IAM) 
According to the international standard ISO 55000 (2014) and the NTC-ISO 55000 (2015) version, an 
asset is any item or entity that has real or potential value for an organization, regardless of whether 
it is tangible or intangible. On the other hand, the term infrastructure is understood as the set of 
elements or services that allow the development of a specific activity. In this document, the terms 
“infrastructure assets” and “assets” are used interchangeably to designate all the physical elements 
that allow an infrastructure system to fulfil the objective for which it was conceived. 
 
Different authors have presented definitions for asset management, among others Vaneir  (2001), 
Brown and Humphrey (2005), Marlow, Moglia, and Buckland (2007), Wijnia (2009), Pathirana (2010), 
Alegre and Coelho (2012), Amadi-Echendu et al. (2012), Ferreira and Carriço (2019). According to 
the authors, infrastructure asset management is an interdisciplinary process composed of 
systematic and coordinated practices for asset management in the short, medium and long term, 
which focuses on keeping investment and operating costs as low as possible, complying with the 
expected service levels and the goals established in the strategic planning, and maintaining the risks 
of the system at an acceptable level. Asset management: 
 
i) strengthens the system’s reliability, 
ii) extends the useful life of its components, 
iii) encourages an adequate use of available financial resources, keeping net present value as low 
as possible, 
iv) guarantees adequate levels of performance, 
v) reduces losses in the context of Lean2 philosophy, 
vi) improves knowledge of assets and, 





2 Lean is a management model that focuses on minimizing the losses in a system, referred to technical, human, 
financial resources, etc. Meanwhile, it maximizes the creation of value for stakeholders. 
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This chapter develops the concept of asset management focusing on water utilities, makes visible 
the importance of strategic planning, and describes the different levels at which asset management 
is developed as a holistic and long-term process, and gives specific details regarding tactical planning. 
1.1 International context 
The IAM concept is widely known in the water industry in industrialized countries such as Australia  
(Burns et al., 1999; Urquhart 2014), New Zealand, United Kingdom, United States (Marlow, Beale, y 
Burn 2014; Urquhart 2014), Canada (Vanier y Rahman 2004; Younis y Knight 2014), Holland (Wijnia 
y Herder 2009), among others. However, its use is still incipient in most countries with emerging 
economies. 
 
Historically, the beginnings of asset management in the water sector date back to the 1980s in the 
United Kingdom3. In order to improve their returns and efficiency, water utilities started 
implementing risk analysis practices to efficiently plan their infrastructure investments in the short, 
medium and long term. According to Stephenson (2005), during the 1980s, the apparent long life of 
buried assets and their invisibility meant that their maintenance or renovation needs were 
commonly ignored. Subsequently, in 1993 the Australian Accounting Standards Board issued the 
AAS27 Standard, which defined requirements on assets capitalization and depreciation, creating a 
focus in infrastructure life cycle analysis and profitability analysis of associated investments  (Too 
2010). Therefore, it cannot be said that IAM is a new concept. However, it is correct to emphasize 
that IAM has gained importance in recent times, even more so when technological advances make 
it easier to gather detailed information and to analyse large amounts of data. A good example of 
regulation in this regard is the case of Portugal, where Law 194 of 2009 requires that every company 
supplying water to more than thirty thousand people have an asset management system (Ferreira 






3 In the eighties the provision of aqueduct and sewerage services in England was privatized, the results of the 
process are still under discussion. In this document it is not intended in any case to relate the management of 
assets with privatization processes of water utilities. 
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1.2 Integrated vision of IAM 
Asset management is not limited to the technical level. Instead, it involves different dimensions in a 





Any change in one of them undeniably has an impact on the others. Explanation of these elements 
and how they are interrelated is presented in detail in Appendix A. 
 
Asset management considers the need to answer strategic questions such as: what is the current 
situation? (What assets do you have? What is the level of performance or service provided? What 
are the current costs?) Where does the asset owner want to go? How does the asset owner get to 
the desired point? These questions, which form the basis of strategic planning, can be answered 
from the three-level planning, decision and execution approaches (Alegre and Coelho 2012):  
i) strategic, where the long-term vision and strategic objectives are established; 
ii) tactical, which includes the evaluation of alternatives and definition of solutions in the 
medium term; 
iii) operational, which corresponds to the implementation of actions in the short term 
 
The scope of each of the levels mentioned above is detailed below 
1.2.1 Strategic level 
The strategic level is represented by the owner of the assets or whoever is responsible for the 
system's long-term service standards compliance. Is at this level where the strategic planning of the 
company takes place, the stakeholder's expectations are evaluated, and the mission and vision are 
defined as guidelines for the organization. 
 
The strategic planning defines the planning horizon, the strategic objectives, the evaluation criteria 
of fulfilment for those objectives, the estimated budget and its financing sources, the risks and their 
levels of acceptability, and the general IAM policies (Alegre and Coelho 2012). Strategic planning 
also defines how the water utility will face the balance between performance, cost and risk. 
 
8 Evaluation of infrastructure asset management tools for water distribution  
networks in the context of water utilities in Colombia 
 
1.2.2 Tactical level 
The objective of planning at the tactical level is to develop, based on the strategic objectives and 
goals, the intervention alternatives for the medium term: a projected horizon generally between 
three and five years (Ferreira and Carriço 2019). Tactical level aims to map out interventions to 
translate stakeholder expectations and strategic plan into results. 
 
According to Alegre and Coelho (2012), tactical planning does not focus solely on high-cost technical 
solutions4. On the contrary, it also considers operations related to operation and maintenance that 
do not require high investments, and that contribute to maximizing the value of assets and the 
fulfilment of strategic objectives. Tactical planning also incorporates non-technical aspects such as 
human resource strategies, acquisitions, information systems, information management processes, 
intangible assets, and so forth. 
 
As in strategic planning, tactical planning must establish objectives, goals and indicators that allow 
the success of interventions to be periodically evaluated, and must be aligned with the next level in 
the dimensions of performance, cost and risk. The next step is to establish the tactical plan and 
develop the implementation alternatives for each process or each subsystem, select the alternatives 
that best align with the fulfilment of the objectives, plan the evaluation methodology of the selected 
tactics for the medium-term horizon and define the necessary resources for its execution. Once the 
tactical plan is defined, the next step is to implement it, to monitor its results, and get feedback. 
 
There are some examples of activities included in tactical planning: 
i) definition of operational controls and procedures, 
ii) implementation of technologies for information management, 
iii) use of methodologies and decision-making tools regarding the asset cycle, 
iv) projection of future investments to avoid the failure of strategic assets, 
v) Prediction of asset deterioration and its impact on reducing service levels, 
vi) evaluation of the impact of the proposed tactics. 
 
 
4 According to the Asian Development Bank, infrastructure assets can represent at least 85% of the total 
assets of a water utility. 
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1.2.3 Operational level 
Operational plans generally have a horizon of between one and three years. They include specific 
activities focused on meeting the objectives dictated by tactical planning and on implementing the 
interventions described there. The success of the operational level depends to a large extent on the 
personnel skills and training, and on the existence of standardized processes and procedures that 
reduce variability in the execution of tasks. 
 
The operational level, in turn, feeds the previous levels by gathering and acquiring detailed 
information: maintenance records, inspection records, service levels, and others, which are used to 
review the effectiveness of the adopted tactics and make changes when necessary. 
 
In each of the three levels mentioned above, there is a loop based on the Deming cycle (PDCA for 
the acronym of Plan / Do / Check / Act), which generates the inputs for the next level. This cycle is 
represented in Figure 1-1. It is based on the definition of quantifiable objectives and goals, 
compliance criteria, diagnosis of the current situation, preparation of the asset management plan 
with its corresponding alternatives and solutions, implementation of the plan, monitoring and 
review. 
 
Figure 1-1: Cycles throughout the management levels.  
Adapted from Alegre et al., (2016). 
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The plan set up by the higher level defines the objectives and goals of the level immediately below. 
For instance, the objectives of the tactical level are the goals defined at the strategic level, and so 
on. Similarly, the results at the lower level serve as feedback from the level immediately above. This 
process assumes that the key to success is the interaction and exchange of information between 
levels. 
1.3 Approaches in an IAM process 
Every water company expands its systems, performs maintenance on its components, renews them, 
and builds new and better infrastructure. In this sense, it can be stated that in all cases, the water 
utilities manage their assets, even if the decision-making process does not base on a strong technical 
basis. Ugarelli et al. (2010) identify four possible approaches that can be adopted. As a company 
improves its asset management policies and its human and technical resources, it is expected that it 
will be able to make use of a more complex approach, until it acquires the predictive type as its 
primary strategy. The adoption of a predictive approach does not exclude other approaches to 
coexist. 
 
i) Operational – reactive approach 
The reactive approach reflects the most common model in water utilities (Brighu 2008). It does not 
require great efforts in planning since the actions are ad-hoc, generally determined by failures in the 
assets. Therefore, it is a corrective approach.  
 
The reactive approach is associated with vicious cycles that destroy value for water utilities (Brighu 
2008). Investments in preventive maintenance are postponed due to lack of budget and early 
failures appear and impact on the service level or reduce the system efficiency. Service standards 
decline, causing on one hand that dissatisfied customers reduce their payment rate, and on the 
other hand, the increase of investments to return the service level to its expected values. When the 
system efficiency is reduced, it demands more resources to achieve the expected performance, 
meanwhile reducing the available money to maintain or improve the assets condition. Unexpected 
failures that affect performance demands prompt attention, generally at a higher cost than planned 
interventions (Brighu 2008; Soppe, Janson, and Piantini 2018). Thus, the deferral of investments over 
time, which are apparently related to savings, leads to much higher capital and operating expenses 
in subsequent years (Brighu 2008). 
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Accordingly, the reactive approach concentrates a large part of the technical, human and economic 
efforts on solving the problems that arise every day, instead of planning the activities that 
concentrate on keeping the systems in good condition (Peters 2015). 
 
ii) Inspection – based on condition approach 
The condition of assets can be periodically verified through visual inspections, operational 
inspections, or through advanced intrusive or non-intrusive technologies (Kleiner 2020). The 
management approach based on the condition seeks to intervene in those elements that are in 
critical condition, schedule maintenance for those that are in an intermediate condition, and 
periodically verify those that are in better condition. This approach is technically based but not 
economical, and precisely here lies its limitation: it is not economically feasible to inspect all the 
assets of a system (Rajani, 2001). This situation highlights the need to prioritize the assets to be 
inspected. 
 
iii) Proactive – preventive approach 
The proactive approach is oriented to carry out the necessary activities to postpone failures and 
anticipate their occurrence to make operational and investment decisions in the precise asset and 
the precise time that allows reducing costs and avoiding unexpected results. Proactive management 
draws virtuous cycles in which investments extend the useful life of assets, maintain their 
performance and reduce operating costs. These savings allow investment in the modernization of 
technologies, acquisition and management of data, which facilitates the making of timely and 
correct decisions that result in lower operating and capital costs. This approach is based on Decision 
Support Systems - DSS (Ugarelli et al. 2010). 
 
iv) Predictive – advanced approach 
Conceived as the most advanced level of IAM, the predictive approach continues the vision of the 
proactive approach. It seeks to optimize the performance of infrastructure systems and their 
reliability, at the lowest possible life cycle cost. Clearly, this approach is highly demanding in terms 
of data, which is why it is usually accompanied by data transfer and acquisition technologies that 
allow real-time analysis of system conditions. 
 
Regarding the four approaches above presented, it is fully functional that in a system where the 
predictive approach is considered as an asset management strategy, other approaches may arise. 
Reactive actions can take place before unexpected or fortuitous events, inspection activities support 
collection information and diagnosis, and maintenance plans are generated as a strategy to extend 
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the useful life of assets. The mentioned situations are an example of the coexistence of different 
approaches within an IAM process (Ugarelli et al. 2010). 
 
As indicated in Figure 1-1, it corresponds to the tactical level to define how these approaches will be 
developed. Given that the tactical level is the centre of interest of this research, greater detail of the 
tactical planning process is presented below. 
1.4 Steps of tactical planning 
Effective investment decision making in an asset management process should answer the following 
questions: 
▪ What do we have? 
▪ What is the importance of each asset within the system? What happens if they fail or if their 
performance is reduced? 
▪ What is their condition? 
▪ What is its remaining useful life? 
▪ What to attend first? 
▪ What is the appropriate financing strategy? 
 
In order to answer these questions, a set of six steps is presented that make up a cycle (Eslambolchi 
and Sinha 2006; Sinha and Gay 2014), as outlined in Figure 1-2. 
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Figure 1-2: Tactical planning steps 
1.4.1 Information gathering 
IAM is a highly demanding process in terms of information (Sinha, 2014). Results depend not only 
on the quantity but on the quality of the information available. According to Alegre et al. (2016), the 
greatest challenge in an asset management process is to do the best use of the information and 
make the best tactical and strategic decisions. In some cases, it leads to identifying the need to 
obtain information that is not currently available. 
 
The asset registry seeks to answer the first of the questions posed at the beginning of this chapter 
and identifies which are the assets that make up an infrastructure system (Sinha and Gay 2014). It 
can be a very time-consuming task, depending on the scale of the system. In the case of interest, 
which is the water distribution network, there is an additional difficulty, nearly all of the assets are 
buried, so they are not accessible from the outside. Therefore, it is necessary to appeal to as-built 
drawings, the operating personnel's memory, asset cadastre processes, use of intrusive or non-
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intrusive advanced technologies to locate pipes and other elements, among others, in order to 
achieve a complete asset registry as an essential starting point for making informed decisions. 
 
The asset registry is the basis for the valuation of assets. There are different methods used for asset 
valuation, that base primarily on value and cost approaches. The value approach can be evaluated 
using the following methods (Pathirana, 2010):  
i) Net present value (NPV): consists of defining the asset value based on its ability to generate 
value. It estimates the NPV of the future cash flows generated by the asset (net realizable 
value). This method is widely used in valuation for investment purposes; however, the 
application of NPV approaches requires a significant degree of information regarding future 
cash flows. 
ii) Net realizable value: corresponds to the fair market value at which an asset could be sold, 
deducting the costs associated with its sale. This method assumes that each party has full 
knowledge of the asset to be traded and that there are no external pressures for the sale or 
purchase that could influence its price. According to Pathirana (2010), when the NPV and net 
realizable value methods are applied in the same context, they tend to have similar results. 
 
The cost approach lies in estimating the value of an asset based on the cost of acquiring, either at 
the original cost or at the original cost adjusted to reflect its current cost. It can be done by the 
following methods (Pathirana 2010): 
i) Historical cost: takes into account the real acquisition cost and the associated financial costs. 
ii) Real depreciated cost: takes the original acquisition cost minus the accumulated 
depreciation at the evaluation time. This method excludes the asset's service potential and 
its technological obsolescence. For long-live assets, it tends to underrate their value and 
generate sudden increases in the valuation of a system when old assets are renewed. 
iii) Reproduction cost: considers the cost of reproducing the existing asset in its current form 
with the specifications of the original asset. It is applicable when the specifications of the 
asset to be reproduced are valid at the time of evaluation. 
iv) Replacement cost: considers the cost of replacing an asset with a similar one, not necessarily 
equal, that can provide an equivalent service. 
v) Equivalent current asset: considers that the asset that would replace an existing asset may 
differ in terms of CAPEX and OPEX. The new asset may have a different service potential 
than the existing asset, and in that case, the cash flow generated by the new asset must be 
taken into account. 
vi) Optimized replacement cost: considers the cost of replicating an asset in the most efficient 
way possible: adjusted capacity, reduced redundancy, increased efficiency. 
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In the Colombian regulation, Resolution CRA 688 of 2014 bases on the value of the assets the 
calculations of the regulated capital base, the average cost of administration, comparable operating 
costs, among others, and defines the applicable methodology for the valuation of assets installed 
before the issuance of the Resolution CRA 287 of 2004. 
 
On the other hand, once the universe of existing assets and their value is known, the information 
gathering responds to the need to establish assets condition. In this sense, the condition has two 
connotations; the first refers to the physical state of an asset and the structural capacity to withstand 
loads; the second refers to functional condition, that is, how an asset contributes to achieving the 
established performance level (Rajani and Kleiner 2001). 
 
In order to know the physical condition of the elements of a water distribution network, there are 
numerous techniques, from the most basic such as an external visual inspection to more complex 
ones such as opportunistic evaluation5, CCTV, and more advanced techniques such as laser 
inspection, acoustic sensors and electromagnetic inspection (Kleiner 2020). Basic techniques are less 
expensive, but the information they gather is limited, while more sophisticated methods can provide 
highly detailed information. However, their use must be evaluated according to their cost/benefit 
ratio given the high costs they represent. For this reason, the use of state-of-the-art technology for 
assessing the condition of water pipes is generally limited to mains (large-diameter pipes), in which 
the cost of a possible failure justifies the cost of the assessment (Kleiner and Rajani 2001). 
 
Given the length of a water distribution networks, it is neither physically possible nor economically 
feasible to inspect all the existing pipes individually. Therefore, other mechanisms are often used to 
characterize the condition of assets, such as historical failure records (Kleiner and Rajani 2001), 
which are gathered day by day as corrective maintenance activities are carried out as part of the 
regular operation of the system. 
 
Finally, the gathering of information also involves the system's operation and performance 
monitoring. Pressure and flow data in pipelines are the most common data obtained in water 
distribution networks. These data can be manually gathered, or obtained with remote transmission 
systems that involve the use of technology and advanced equipment, such as electromagnetic 
meters with continuous data transmission, continuous pressure measurement sensors, level sensors 
 
 
5 It refers to the opportunity to analyse an asset in detail while it is intervened for reasons unrelated to the 
observation. For instance, the repair of a pipe that includes the extraction of a segment allows the analysis of 
the element and external factors, to identify the failure mechanism. 
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in tanks, sensors for online measurement of quality parameters, individual consumption meters with 
remote data transmission, and others. These equipment report to a control centre, where the 
information is analysed, and operation and investment decisions are made (Koronios, Haider, and 
Steenstrup 2009). 
1.4.2 Condition evaluation 
The condition evaluation is based on the information gathered in the previous step but does not 
limit to it. The purpose of data collection is not to complete a repository of information; once the 
data is obtained, it is necessary to extract the information and use it to establish the physical and 
functional condition of the assets. 
 
The physical condition assessment takes into consideration the failure rate of the elements, as well 
as the failure modes and mechanisms. Failure modes describe how failure occurs, while failure 
mechanisms explain why it occurs. 
 
The different failure mechanisms depend on many factors that can be grouped into four groups 
(Kleiner and Rajani 2001; Sharff, Bellemare, and Witmer 2011): 
i) Physical: pipe material, remaining useful life, diameter, types of joints between sections. 
ii) Environmental and environmental: water table, soil characteristics, presence of trees and 
roots, climatic impacts (especially in countries with seasons), seismic movements, soil 
settlements, vehicle loads, third-party impact (case of nearby civil works, machinery). 
iii) Operational: the absence of preventive maintenance, sustained pressures, transients, sub 
pressure. 
iv) Construction: bad installation practices, inadequate foundations, insufficient compaction, 
presence of harsh elements around the pipe, lousy storage and transportation conditions. 
 
This list mentions only some of the most common factors; however, the list can be expanded 
according to the experiences of each water company. 
 
The most common modes of physical failure in pipes can be summarized as circumferential, 
longitudinal, explosive and hole-shaped failures, and their frequency of occurrence is directly related 
to one or more of the factors mentioned above. For example, circumferential faults are related to a 
more significant proportion of small-diameter pipes, while longitudinal faults are more common in 
large-diameter pipes (Rajani et al., 2001). Rajani and Kleiner present in Comprehensive review of 
structural deterioration of water mains: physically-based models (2001) a detailed review of the most 
common failure modes and mechanisms for different materials. 
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Finally, the evaluation of the assets' functional condition is related to the hydraulic operation of the 
system and compliance with the performance standards established as a product of strategic 
planning and local regulations. There is a deterioration to the functional condition when the system 
does not meet the expected pressure levels, when it does not achieve the continuity standards, 
when the operating costs are higher than the target costs, when the system losses exceed expected 
levels, and so forth. Generally, it is not easy to identify on time the asset or assets that affect the 
system operation. Hence the importance of analysing the system from calibrated hydraulic models 
compared with water balances, and from field tests (i.e. step-testing, and others); and to keep a 
record of customer complaints regarding pressure problems, water quality, among other reasons. 
1.4.3 Deterioration modelling 
Deterioration models are used for planning purposes. Their objective is to predict the asset 
remaining useful life or its probability of failure. In the case of pipes, some water utilities estimate 
the remaining useful life of an element based on its age and life horizons established in the literature 
according to the pipe material. However, this methodology can trigger unnecessary investments 
since not in all cases, age is synonymous of poor condition or imminence of failure, leading to the 
renewal of pipes that are in good physical and functional condition. Therefore, whenever it is 
possible to have detailed and sufficient information on the condition of the pipes, it is preferable to 
perform deterioration models to support decision-making. 
 
Chapter 3 and Appendix D present deterioration models in more detail. 
1.4.4 Risk assessment 
Complementary to deterioration modelling, risk assessment requires to identify the importance of 
an asset within a system and estimate the consequences of its failure, absent or reduced 
performance. Generally, water distribution networks are annular systems that tend to be 
topologically and hydraulically redundant (Kleiner 1997). In this sense, not all the elements of a 
distribution network have the same significance for the global system, and this makes it necessary 
to identify their criticality according to the system's configuration, the regular operation and the 
number of customers that would be affected by its failure. This evaluation requires taking into 
account the goals associated with performance and the expected service levels for the system in the 
short, medium and long term. Risk analysis is discussed in detail in Appendix A. 
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1.4.5 Prioritization 
Water operators have limited economic resources. Meanwhile, investments related to renewal, 
acquisition, inspection, rehabilitation and maintenance of physical assets are considerable. 
Therefore, it is not possible to address all investments at the same time, nor is it feasible to reduce 
them completely, because it would lead to a continuous deterioration of the system that in the long 
term will mean higher investment costs. This situation makes it necessary to define infrastructure 
investment priorities based on available resources. 
 
Prioritization answers the question, what to attend first? Answers can be provided through different 
methods: 
i) Age-based renewal: out of the six methods, this is the least demanding in terms of 
information. It requires knowing the age of the assets and lifespan references to compare. 
Byrne, Edwards, and Wilson (2003) state that age is not necessarily an indicator of the status 
and performance of an asset, and that the decision to renew items solely based on their age 
can result in the replacement of assets that are in good condition, which means unnecessary 
capital costs. 
ii) Significance index: it is defined by LQ / (CD), where L is the length of the pipe, Q the flow rate, 
D its diameter and C the Hazen-Williams coefficient. According to Kleiner (1997) the limitation 
of this concept, introduced by Arulraj and Suresh in 1995, is that it analyses the criticality of 
the pipes only in hydraulic terms, but does not take into account the physical state of the 
elements or their associated costs of operation and maintenance (O&M). Accordingly, a high 
significance index does not necessarily represent a high probability of failure. It is moderately 
demanding of information given that requires having a detailed asset registry. 
iii) Unitary power: this method is based on hydraulic optimization as the basis for pipe renewal 
(Saldarriaga et al. 2010). This method does not consider the physical condition of the pipes 
and can leave out elements that have sufficient hydraulic capacity but are deteriorated. It is 
highly demanding of information given that it requires knowing specific pressure and flow 
data. Having a hydraulic model of the network is ideal. 
iv) Failure rate: corresponds to the number of failure records per unit of time and length and is 
used as a calculation basis for estimating the probability of the occurrence of failures or the 
number of bursts in a given period. This method is highly information-demanding since it 
requires, besides the system topological information, a historical record of failures that 
contains their spatial and temporal information. Ideally, failure modes and mechanisms must 
have been identified. These requirements limit its application to water systems or companies 
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with good practices in data acquisition, adequate information systems and sufficient 
information in quantity and quality. 
v) Risk analysis: in addition to the previous method, it requires estimating the impact associated 
with the failure of assets (Khan and Haddara 2003; Wijnia 2019), which implies an additional 
requirement in terms of information. 
1.4.6 Definition of interventions 
The life cycle of infrastructure assets begins with the planning and design phase, continues with the 
construction or acquisition phase and the operation phase or lifespan, that begins when the asset is 
put into service and ends with its dismantling. 
 
The lifespan phase usually begins at the highest performance level of the asset, which gradually 
reduces as it deteriorates due to ageing, regular use or for the effect of external circumstances that 
may affect its condition. Different types of interventions modify burnout behaviour. Three possible 
deterioration curves are shown schematically in Figure 1-3. Time is represented on the horizontal 
axis and the asset's service level on the vertical axis. The horizontal dotted line corresponds to the 
minimum expected service level, which defines the lifespan of the asset even when deterioration 
processes can take its performance below this level. The grey curve represents the deterioration of 
an asset without any maintenance (unrealistic condition). The middle curve represents an asset with 
preventive and corrective maintenance, and the light blue curve describes the deterioration of an 
asset that is rehabilitated before reaching its minimum service level. The differences on the ordinate 
axis between the intersection of the service level line with the maintenance-free performance curve, 
and the intersections of the dotted line with the following curves, represent what Sinha and Gay 
(2014) define as service life gap. 
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Figure 1-3: Impact of maintenance and rehabilitation on asset performance. 
Adapted from Sinha et al., (2014) and Mazumder et al. (2018). 
 
Four types of interventions are described below. 
i) Repair or corrective maintenance 
Corrective maintenance in water pipes is mainly associated with elements defined as high volume 
and low cost, where breaks can be admissible and are easily corrected. Repairs are generally 
punctual, they start from the identification of the failure and ideally the cause of the failure, 
seeking to solve it quickly and effectively, to stop the damage effects in the shortest time (loss of 
water, reduction of the pressure, the involvement of third parties, and others). 
ii) Inspection 
Inspection techniques in water networks cover a wide variety of methodologies, from opportunistic 
direct visual inspection, visual inspection through the use of CCTV, laser scanner, to more advanced 
and therefore expensive methods, such as electromagnetic ones, for example, magnetic leak meter 
or Magnetic Flux Leakage (MFL), Remote field eddy current (RFEC), Broadband electromagnetic 
(BEM); acoustic methods such as sonar profiling, impact echo test, SmartBall®, Sahara®, 
LeakFinderRT®; ultrasonic methods such as guided wave ultrasound, discrete ultrasound; 
radiographic methods, thermographic methods, and so on (Liu and Kleiner 2013). 
 
Given the high cost associated with this equipment or technology, water networks inspection is 
typically limited to large-diameter pipes. In these pipes, the objective is to avoid a failure event, due 
to the high risk that it represents, so that the cost of the inspection is justified by saving the potential 
direct and indirect costs associated with the failure (Liu and Kleiner 2013). Inspecting small diameter 
pipes is a non-cost-efficient task, except for opportunistic visual inspection, which is occasional and 
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usually does not become representative of the system. Opportunistic visual inspection occurs when, 
due to the repair of a pipeline or for any other reason, the element is exposed, making observation 
possible, but the inspection is not the cause of the exposure. In cases where the failure of a structural 




Rehabilitation is an alternative intervention when an asset typically presents generalized affectations 
that affect its hydraulic capacity or suppose the existence of leaks that are not easily fixable through 
specific repairs. Rehabilitation does not represent the change of the element, but total or partial 
corrective actions that restore its current state to its original state, or as close as possible. For water 
pipes, rehabilitation techniques mainly contemplate trenchless technologies, such as Cured In Place 
Pipe (CIPP), concrete centrifugation, silicate injection, installation of liners, and so on (Sinha and Gay 
2014). Among the benefits of rehabilitation, can be mentioned the keeping of water quality, the 
reduction of technical losses due to imperceptible or background leaks, the reduction of failure risk, 
the normalization of pressures, the reduction of maintenance costs corrective, the increase in the 
useful life of the asset, the postponement of renovation investments, and so forth. 
 
iv) Renewal or replacement 
Traditionally, when talking about pipe replacement, it is common to think of traditional interventions 
by affecting the pavement (if it exists), excavation, compacted fill and resurfacing. Trenchless 
technologies such as re-tubing or relining, and pipe bursting, are becoming more and more common, 
which involve minimizing traffic disruption, mitigating the risk of excavation instability and possible 
impact on third parties, and in some cases reducing cost versus traditional methodologies 
(Mazumder et al. 2018). The renewal of specific elements is considered part of the life cycle of the 
water distribution system, and the beginning of the life cycle of the individual asset. 
1.5 The role of information in IAM and the predictive 
approach 
According to Schultz (2012), the basis of effective asset management in a water company is 
appropriate information about its assets. The availability and reliability of the information are 
partially determinants of the degree of progress that a water company can achieve in an asset 
management process. This process involves various areas, such as human resources, organizational 
development, and others, which are not within the scope of this research. 
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Below is a brief description of different systems or sources of information that support tactical asset 
management processes. See appendix B for greater detail. 
 
i) Geographic information systems (GIS)  
Unlike CAD files, usually used to record the asset registry, a geographic information system allows 
not only to incorporate the geometric characteristics and georeferencing of assets but also to 
include individual attributes, such as, for example, in the case of pipes. : diameter, material, 
installation date, failure history, depth, land use, characteristics of the soil where it is installed, and 
so on. According to Schultz (2012), proper asset management must take into account their specific 
location and their relationship with the environment, which is facilitated by a geographic information 
system. 
 
ii) Computerized maintenance management systems (CMMS)6 
CMMS facilitate the maintenance workflow, support decision-making based on information on asset 
failures and use patterns, facilitate the allocation of resources, the acquisition of spare parts and 
materials, the analysis of costs of operation and maintenance; logistics management, compliance 
with maintenance protocols, and identification of weaknesses in the design and planning of assets 
(Koronios, Haider, and Steenstrup 2009).  
 
iii) Customer information systems (SIC):  
They contain primary data on the clients of the water utility, their consumptions and the water 
meters. Although individual meters are not company-owned assets7, they must be periodically 
renewed as they reach the end of their useful life to maintain measurement reliability (Water 
Environment Research Foundation 2009). From the historical consumption information, it is feasible 
to predict demand and thereby optimize the operation of the water distribution system (Martínez 
et al. 2007). 
 
iv) Instrumentation:  
According to ISO 55000 (2014), "some asset data comes from control systems, which are often 
isolated from other information systems. Integrating this data through the asset management 
system can provide new information on assets, leading to better decision-making in the 
 
 
6 Some examples of CMMS software are MapKit by Rolsch, BOP by Comlink. 
7 In Colombia, unlike other countries, the water meters are owned by the clients, not by the company. This 
situation leads to difficulties in their renewal since in some cases, customers are reluctant to have their meter 
removed and a new one installed, given that the water utility will charge the costs of the new meter. 
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organization". In this sense, instrumentation also contributes dynamism to the calculation of key 
performance indicators (KPI) and the monitoring of the system's performance. 
 
Obtaining real-time remote data through instrumentation allows the detection of leaks based on the 
unexpected increase in flow rates supplied to the system, outside of the ranges considered normal 
for particular operating conditions. Rapid bursts detection reduces water loss volumes and the burst 
impact. 
 
v) Hydraulic models:  
Prioritization criteria such as Significance Index or Unit Power (see 1.4.5), takes the results of 
hydraulic models as a basis to evaluate pipe criticality. The connectivity analysis that can be carried 
out using hydraulic models allows identifying the number of disconnected customers due to the 
isolation of an element or group of elements, which constitutes a criterion for evaluating the impact 
of failures used in the framework of a risk analysis. On the other hand, the identification of areas 
with the probability of presenting high volumes of technical losses based on hydraulic models 
supports decision-making for the renovation or rehabilitation of assets. 
 
vi) Deterioration models and reliability analysis: 
Deterioration models are intended to characterize the behaviour of pipeline failures and to predict 
the probability of new failures, the number of failures expected in a given time horizon, or the most 
probable time until the appearance of a new failure event. These models are highly information-
demanding, given that they base on historical damage records and require complete and reliable 
asset registry, that contains information about the material, diameter, length of pipes and other 
covariates that may affect failures. Chapter 3 presents a greater detail of deterioration models. 
1.6 Benefits of IAM in water utilities 
Any infrastructure system, especially for the scope of this investigation, a water utility, can benefit 
significantly from implementing the IAM approach within its planning processes. Some of the most 
representative benefits are mentioned below. 
 
i) Alignment of operations with strategic objectives, by understanding the trade-offs between 
financial performance, the performance of the service provided and the risk exposure (Amadi-
Echendu et al., 2012). 
ii) More effective and efficient investment decision-making, based on detailed knowledge of 
assets, which have a positive impact on sustainability (Zangenehmadar 2011). 
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iii) Reduction of supply interruption times as a result of better planning of preventive actions (Li 
et al. 2016), and a reduction in the quantity of unexpected corrective actions. 
iv) Reduction of NRW and recovery of income from water losses. The reduction of apparent 
losses involves the management of the water meters (GIZ 2011), regardless of whether the 
company or the client owns them. 
v) Timely scheduling of element renewal, facilitating the planning of financing alternatives. 
Additionally, according to the EPA (2003), some sources of financing prioritize potential clients 
who have an asset management plan and thus support their investment plan. 
vi) It provides a long-term vision at all levels of the organization and facilitates its adaptation to 
unforeseen changes (for example, unexpected growth in demand). 
vii) Maintenance or improvement of customer satisfaction associated with compliance of service 
standards. This aspect is of vital importance in systems that provide the service intermittently, 
or in which the failure rate has a significant impact on the continuity indicator. 
viii) Safeguard of the image and reputation of the organization. 
 
Urmila Brighu (2008) states that the main benefit of asset management is the reduction of costs in 
the long term. According to Borniquel Baró (2009), the United States Environmental Protection 
Agency has estimated a 20% reduction in costs related to the life cycle of assets in U.S. water utilities, 
by adopting effective IAM policies. Consequently, the investments required to develop an asset 
management process are recoverable, and even have a highly positive expected return for the water 
company. 
1.7 Barriers in an IAM process 
According to Too (2010), one of the main aspects that hinder the development of a complete asset 
management process is the lack of knowledge about its scope. IAM is commonly related to 
maintenance tasks only and is consequently given a secondary role. This conception is usually 
immediate and deviates from the objective of maintaining sustainability and long-term 
performance. 
 
In these cases, the CAPEX decisions, which are the most significant in economic terms, are still made 
outside the management process and are not fed back with the activities of the tactical and 
operational levels. According to Younis and Knight (2014), 90% of failures in the effective 
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implementation of an asset management policy are due to the difficulty of maintaining the 
alignment of individual processes with organizational strategies. 
 
In this regard, Woodhouse (2009, cited by Younis and Knight, 2014), identifies different stages that 
commonly occur in an IAM process. There is a general interest in a novel initiative, afterwards initial 
results are obtained, and there is a building of trust in the process. Given that many of the results 
do not occur in the short term, there is a loss of interest, priority activities appear and must be 
addressed immediately, leaving the asset management process in the background. For Woodhouse, 
a potential barrier is the reluctance of human capital to leave the reactive approach behind. 
Advances in knowledge and technology are available to be adapted to each particular case. However, 
human capital will always be required to make decisions on their use and implementation, to get 
training and lead the change processes. 
 
On the other hand, the lack of information available in companies makes the IAM process difficult. 
The asset register, with an adequate level of detail, is not a quick task. A historical failure database 
requires considerable time to have a representative set of data, the data collection in the field 
requires investments in instrumentation, and inspecting the condition of assets is a costly process 
(Kleiner and Rajani 2002). The development and implementation of information systems is an 
inexorable starting point to start an asset management program, define tactics and establish a work 
plan based on proactive and preventive management 
1.8 Chapter synthesis 
Different approaches to IAM in water utilities have been highlighted throughout this chapter. 
Regardless of how advanced a provider's management can be, its principles remain constant: 
i) Diagnosis of the current situation and establishment of short, medium and long-term goals 
regarding the expected performance, the level of allowable costs and the risk policy, which 
defines the levels of acceptability and the appropriate treatment for each of the identified 
risks. 
ii) Detailed knowledge of the assets and their environment: complete, quality, up-to-date and 
accessible information to the entire organization is required. If not available, a detailed 
inventory must be carried out; if available, is a priority to advance in its digitization and 
georeferencing through a GID and to define mechanisms for updating and verification. 
iii) The implementation of a preventive approach to avoid or postpone failures and extend assets 
lifespan. Spending on preventive maintenance should be seen as a medium or long-term 
investment, as the case may be for each element. 
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iv) Knowledge of the current and historical behaviour of the assets and the system. If past 
information is not available, it is necessary to establish a starting point to start the asset 
registry and define procedures for its update. 
v) As far as possible, include predictive analysis. It includes the availability of mechanisms that 
make it possible to predict possible failures in individual elements, together with the 
assessment of the impact that such failures would have on the system 
vi) Prioritization of elements that require intervention. It is equivalent to deciding where to focus 
resources and how to intervene in assets. There is no unique solution for all cases, nor should 
all assets be intervened at the same time. 
vii) Monitoring the results of the selected management strategies and tactics, feedback and 
timely adjustments to deviations. 
 
The premise of “taking the right actions at the right time” (Brighu, 2008), competes to the strategic 
and tactical levels, while the inclusion of the operational level is related to performing the selected 
actions in the right way. Accordingly, it is essential to highlight that this is a long-term process, which 
involves the creation of capacities in the personnel of each level, and the maintenance of those 
capacities in the long term, where the benefits of IAM are noticeable. 
 
In this regard, Albee and Byrne (2007, referenced in Brighu, 2008), affirm that the best strategy to 
start an asset management process is to start it. It implies that, according to the complexity, capacity, 
technology, maturity and information available, there will be a series of logical steps that not 
necessarily can be replicated in a standardized way. Therefore, the intervention logic must be 
analysed individually for each case. 
 
This chapter identified the benefits that result from implementing IAM in a water utility and the 
recommended steps of tactical planning, starting with a detailed understanding of the 
infrastructure. 
 
The next chapter presents two evaluation mechanisms that allow evaluating the status of a water 






2. Characterization of water utilities for IAM 
This chapter aims to present two evaluation mechanisms used internationally to characterize water 
utilities, with particular emphasis on the sections related to IAM. It presents a brief description of a 
sample of Colombian water utilities that were evaluated with these two mechanisms and the results 
of the evaluation. Subsequently, a discussion is held about the results and the evaluation 
mechanisms. 
2.1 Evaluation mechanisms 
In recent decades, performance evaluation and benchmarking of water utilities has been a field of 
common interest by different associations and organizations, including technical entities, 
government and regulatory entities, and also including international financing organizations. As 
follows, a description of a widely recognized standard for evaluating the performance of water 
utilities and a diagnostic maturity mechanism related to IAM. Both are subsequently applied to the 
sample of selected water companies. 
2.1.1 AquaRating. IWA and BID 
The AquaRating system was developed as an initiative of the Inter-American Development Bank 
(IDB) in coordination with the International Water Association (IWA) and launched in 2015. Its 
purpose is to assess the performance of urban water utilities and know their current status, against 
a set of best practices and performance indicators endorsed internationally (Krause et al., 2018).  
 
The characterization includes eight areas of evaluation: Quality of Service, Investment Planning and 
Implementation Efficiency, Operating Efficiency, Business Management Efficiency, Access to service, 
Corporate Governance, Financial Sustainability and Environmental management. These areas are 
evaluated through indicators (quantitative analysis), and best practices applied internationally 
(qualitative analysis). Each of the evaluation elements has a relative weight within one of the eight 
areas, and the area itself has a specific weight within the total rating. 
 
The elements directly related to IAM in the strategic and tactical levels were selected for this 
evaluation. At the strategic level, they were grouped into the following categories: strategic 
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planning, performance goals, financial scope, and tariffs. At the tactical level, they were grouped 
into twelve categories: information technologies and systems, monitoring and feedback, 
maintenance, planning, prioritization, risk assessment, deterioration modelling, condition 
evaluation, asset valuation, execution and monitoring, information gathering, and provisioning. 
 
The absolute weights of the elements within the complete standard were calculated, and these 
values were maintained to carry out the weighted calculation of the adapted rating, for which a scale 
of zero to ten points was defined, with ten being the highest rating. This scale was selected in order 
to be consistent with the scale used by the second mechanism, which already has a predefined rating 
methodology. 
2.1.2 Quick Scan Asset Management8 . LEAM Advies. 
LEAM Advies is an independent asset management and maintenance consultancy, which has 
developed an evaluation model that aims to identify the state of maturity of a company concerning 
the asset management standard of ISO 55 000. It consists of in a 50-question form that focuses on 
the following components: organization, human resources, and processes and technology. In each 
question, the participant must assign a score between 0 and 10, through the use of sliding bars. Zero 
corresponds to a non-compliance, while ten means that the activity is carried out daily and therefore 
is institutionalized in the company. 
 
The use of this mechanism requires prior knowledge of asset management concepts. For this 
purpose, meetings were held with the participants in order to expose IAM principles, the scope of 
each management level, among other necessary concepts. Subsequently, support was provided to 
fill out the form. 
 
Within the four components mentioned above, the QSAM evaluation mechanism qualifies ten 
categories: asset design, training and development, risk management, management and 
maintenance, information, leadership and communication, continuous improvement, planning, 
ownership and responsibility, and policies.  
Appendix C details the evaluation elements included in each evaluation mechanism. 
 
 
8 Provided by VEi for exclusive use with the companies included in the sample. Use for non-commercial 
purposes. 
. 
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2.2 Description of the sample of water utilities 
In total, the sample considered seven Colombian water utilities. In order to keep the information 
confidential, their names and their location are not published. 
 
The seven companies provide public water and sewerage services; however, the evaluations focused 
on the water service. All the utilities are within the classification of large providers, according to 
Resolution CRA 688 of 2014. The number of customers varies between 19 000 and 114 000, with an 
average of approximately 46 500. 
 
In order to characterize the sample, it is worth highlighting: 
i) One of the utilities is a mixed economy, one is private, and the remaining five are official. All 
have administrative and budgetary autonomy. 
ii) The continuity index is greater than 99% in six of the seven utilities. Only one of them needs 
to sectorize the water provision to serve all the customers and has a continuity index of 85%. 
iii) The Non-Revenue Water Index (NRW) is between 24.5% and 50%, with an average of 40%. 
iv) Of the seven utilities, one has a geographic information system that is updated continuously, 
one does not have a GIS, and the remaining five do; however, they do not continuously update 
the assets information. 
v) Only one of the utilities included in the sample collects information about the failures that 
occur in the water network. 
 
Five of these water utilities applied both assessment mechanisms:  The Proposed Adaptation of the 
AquaRating system (AAR), and the Quick Scan Asset Management (QSAM). One company 
participated only with AAR, and another did so only with QSAM. 
 
The results are presented below. 
2.3 AAR results 
The adaptation of the AquaRating system proposed to assess IAM in water utilities aims to evaluate 
the company at the strategic and tactical levels. 
 
The average ratings obtained by each utility were crossed with the number of customers (this 
number represents the company size). A relationship was observed between both variables: as the 
utility size increases, the ratings at the strategic and tactical levels were better. Both behaviours 
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were characterized with second-degree polynomial functions, with R2 values of 0.42 for the strategic 
level and 0.93 for the tactical level. See Figure 2-1. 
 
Figure 2-1: Scores obtained with AAR against the number of customers. 
Source: Author. 
According to Figure 2-2, the category with the lowest rating is the one corresponding to tariffs. The 
AquaRating system requires the tariffs to be calculated for a fifteen-year horizon, while in national 
regulations, they are calculated based on projected 10-year costs. Despite the impact this has on the 
rating, the average values exceeded six points in all cases. 
 
 
Figure 2-2: Scores obtained with AAR at the strategic level.  
Source: Author. 
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Both the financial aspect and the performance goals had average results close to nine points. The 
financial evaluation takes into consideration the preparation of financial projections in the medium 
term, which are carried out by 50% of the utilities evaluated. It also considers the existence of 
accounting systems for monitoring and controlling income, costs and expenses, which is typical of 
water utilities. 
 
The category related to performance goals had an average score of 7.2 points. It evaluates the 
projection of the system requirements concerning water supply and the demand associated with 
the population's consumption, in addition to the consideration of coverage goals and service quality. 
 
The results obtained for the categories evaluated at the tactical level are presented in Figure 2-3. 
The highest rating was obtained in asset valuation, which is a practice required by national 
regulations. The lowest rating was found in deterioration modelling, where no company claimed to 
comply with the evaluated practices. 
 
Low ratings were also presented in information technologies and systems, monitoring and feedback, 
risk assessment, and execution and monitoring. These categories were evaluated, on average, below 
three points. 
 
Figure 2-3: Scores obtained with AAR at the tactical level. 
Source: Author. 
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2.4 QSAM results 
The ratings were also analysed according to the utility size. In this case, no direct relationship was 
observed between IAM maturity and the number of customers. Except for one case that obtained 
0.7 points, all the utilities obtained between 2.6 and 3.3 points, as shown in figure 2-4. 
 
Figure 2-4: Scores obtained with QSAM against the number of customers. 
Source: Author. 
 
The minimum, mean and maximum scores observed for all evaluation categories were calculated. 
figure 2-5 presents the results. 
 
Figure 2-5: Average scored obtained with QSAM. 
Source: Author. 
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In all cases, the lowest value was presented in ownership and responsibility, which assesses whether 
there is a clear definition of roles and responsibilities at the strategic (asset owner), tactical (asset 
manager) and operational levels (service providers). 
 
The second-lowest rating was observed in the asset design category. It assesses the ability of 
companies to incorporate the concept of life-cycle and the principles of asset management in the 
design of infrastructure and investment planning. This category also integrates feedback to planning 
processes from maintenance activities and the information obtained from them about the operation 
and performance of the assets. 
 
The information category obtained an average rating of 1.7 and a maximum of 2.5. This section 
evaluates the company's ability to identify what information it needs to obtain from its assets, how 
complete and up-to-date it is, and whether the available information facilitates decision-making at 
the three levels of asset management. 
 
The highest rating corresponded to the risk management category, where four of the companies 
obtained more than four points. This category assesses the ability to establish a risk model, identify 
risks, define the treatment for each risk, and act in a timely and effective manner in case of 
emergencies. 
2.5 Discussion 
Concerning the mechanisms used to evaluate the seven companies participating in the sample, it is 
essential to highlight that the QSAM has an evident organizational approach. It is based on the 
assumption of the existence of an asset management system, and an asset management policy, 
concepts that are based on the ISO 55 000 standards. It also implies a clear distinction of roles 
between the strategic, tactical and operational levels. As this standard is not implemented in the 
evaluated companies and there is no explicit asset management system or policy, it is expected the 
low qualifications obtained in all cases, and the fact that the qualification does not present a 
correlation with the size of the company. 
 
The elements included in the qualitative evaluation within the AquaRating system correspond to 
best practices in different areas of water utilities, which may occur at the three levels above 
mentioned. The elements identified as related to IAM predominate at the tactical level and compete 
to a lesser extent at the strategic and organizational levels. 
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For companies where the ISO 55 000 standards have not been implemented, the AAR evaluation 
mechanism achieves an adequate level of detail in the identification of best practices related to the 
IAM and identifies opportunities for improvement. 
 
When comparing the two mechanisms, a general correspondence was found between the 
evaluation categories defined in both of them. The exceptions found were the categories of 
financing aspects, tariff aspects and asset valuation, which are absent in the QSAM. 
 
The observations and reflections resulting from the evaluations carried out with AAR and QSAM are 
presented below. They are a product of the information reported by the water utilities within their 
self-evaluation processes with both mechanisms. Therefore, the results are based on the reliability 
of the answers given by the participants. 
i) It is a common idea to relate the size of the utilities with their maturity and performance. The 
results of the evaluation carried out with AAR confirmed this idea, especially showing a high 
value of R2 when evaluating the fit of the results to a second-degree polynomial function. In 
the case of the results obtained with QSAM, no relationship was found between the rating 
and the size of the water utilities (size taken as the number of customers). 
ii) The utilities evaluated do not have an identification of the strategic, tactical and operational 
levels, which is reflected in the clarity of the definition of roles, responsibilities and 
information flows. Existing processes are not explicitly related to these roles. This situation 
does not imply that they do not perform IAM practices at the strategic, tactical and 
organizational level, but that there is not a clear and conscious differentiation between these 
levels. 
iii) From the evaluations, it can be inferred that, in general, there is a tendency for the 
departments within the companies to work independently on the specific matters assigned to 
them. In this sense, it is necessary to build a more significant interrelation, which favours the 
information flows through the organizational structures, always maintaining clarity in the 
scope of the strategic, tactical and operational levels. 
iv) It can be inferred that for most of the companies evaluated there is some level of awareness 
of the importance of IAM in their sustainability. However, it is not evident that this awareness 
transcends management levels so that it is incorporated and transmitted throughout the 
organization. Consequently, training in asset management must be carried out at all levels of 
the company, with emphasis on training by competencies. 
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v) The quantification of CAPEX and OPEX throughout the life cycle of the systems turned out to 
be evident only for one of the utilities evaluated. The other water operators did not 
demonstrate the incorporation of operation and maintenance costs in the analysis of 
investment alternatives, in the design of new assets, or the planning of the system expansion. 
vi) Regarding OPEX, in none of the cases, there was a differentiation of preventive maintenance 
costs from those associated with corrective maintenance found. This classification of costs 
must include the parameterization of the accounting systems, the information collection 
methodology, the procedures and formats that allow the gathering of information, and the 
training of personnel so that the exercise is successful and representative. 
vii) A general weakness was found concerning the utilities' efficiency. In general, reducing 
operating costs does not seem to be a priority, either for the operation planning, for the 
system expansion planning, or the infrastructure design. Three utilities have significant energy 
costs associated with pumping systems, but they state that reducing operating costs is not 
one of their objectives. 
viii) The emphasis on maintenance continues being corrective. The preventive activities are mainly 
focused on strategic assets. Ideally, maintenance planning must take into account the assets 
condition, along with risk and cost considerations. In this way, it is necessary to identify which 
assets require higher maintenance frequencies, what are the activities required in each case 
and the skills necessary to carry them out. Preventive maintenance seeks to extend the assets' 
lifespan, and on the other hand, avoid incurring in higher costs associated with unnecessary 
maintenance. 
ix) Concerning information, one water utility reports having a regularly updated and reliable 
geographic information system. Five companies claim to have GIS, but they have outdated 
cadastres, and there is no continuous feedback of field information. In these cases, GIS 
becomes a repository of information, but it is not a reliable and complete decision-support 
tool. One of the cases does not have an updated cadastre or physical information (blueprints) 
of infrastructure, that can be available for the entire company to consult. Information is the 
primary foundation for asset management. In this sense, investing in information systems is a 
generalized need; however, it is essential to identify the necessary information for each type 
of asset, the information gathering procedures, and to recognize the importance of updating 
data. 
x) The evaluation results show that no company evaluates different scenarios of demand 
variability. Generally, the demand projections are based on fixed values of consumption, 
water losses and population growth, and a single scenario is evaluated, usually the most 
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critical. According to Sinha (2014), long-term planning requires flexibility to adapt to the 
appearance of unforeseen circumstances or changes in the projections that form the basis for 
planning. It implies analysing alternatives for demographic growth, spatial development, the 
background of territorial development instruments, water losses, water use, and even the 
variability in water sources. The combination of these alternatives supports diverse demand 
scenarios for the system's long-term planning. 
xi) It is inferred that, in general, decisions about the renewal of infrastructure and maintenance 
needs are not based on explicit technical criteria, nor are they supported on assets risk 
analysis. There is an opportunity to reduce costs associated with the life-cycle of infrastructure 
systems. 
xii) In general terms, decisions about investments and new projects do not usually incorporate 
detailed analysis of alternatives, nor are they made based on minimum cost analysis. In this 
sense, it may be favourable to incorporate within the analysis of alternatives the 
characterization of failures in different materials pipes, to include within the selection criteria 
the costs of operation and maintenance, and to compare the expected profitability of the 






3. Pipe deterioration modelling 
A water distribution system is considered reliable if it is capable of delivering drinking water to the 
entire population, 24 hours a day, with sufficient pressure (Dandy and Engelhardt 2006), in 
compliance with defined performance conditions (Bartkiewicz and Zimoch 2018),  such as a certain 
acceptable level of water losses. 
 
The fulfilment of these purposes can be affected by the individual failure of the assets. In this sense, 
it is crucial to identify if the failure behaviour can be characterized. If so, efforts must be made to 
project the number of failures or the probability of occurrence of failures in a particular time horizon, 
to anticipate maintenance, rehabilitation or renovation actions focused on maintaining the 
performance standards. 
 
In this chapter, a description of the theory of pipe deterioration is made, different deterministic 
models of deterioration, their characteristics, advantages and weaknesses are analysed, and two 
models are selected for the study case, to characterize the pipe failures behaviour. 
3.1 Pipe deterioration 
According to Kleiner (2001), the deterioration of pipes can occur in two ways: 
i) Structural damage to the element. In this case, the capacity of the pipe to withstand efforts 
decreases, leading to failure and consequently to the appearance of leaks. 
ii) Affection of the internal lining. Internal wall corrosion leads to a reduction in the internal 
diameter of the pipes and an increase in the roughness of the walls, affecting the hydraulic 
capacity of the pipe. These situations can facilitate the formation of biofilm, where the growth 
of microorganisms that affect water quality and that can threaten human health is favoured 
(Farkas, Ciataras, and Bocos 2012). In the case of mechanical pipes, the corrosion processes 
that occur inside the pipe can deepen until reaching the external surface, causing structural 
damage (Kleiner and Rajani 2001). 
 
According to Kleiner y Rajani (2001), the typical life cycle of a buried pipe follows the Davies curve, 
also known as the "bathtub curve", which relates the age of the pipe with the number of failures or 
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its failure rate. This curve starts from the asset installation with a phase of initial breakages that may 
be due to construction deficiencies y s and whose frequency decreases throughout consolidation 
until it stabilizes during a phase of use that is called the phase of "constant failures". In contrast, 
Dounce-Villanueva (2006) affirms that throughout the asset's useful life phase, the failure rate does 
not remain constant, since different factors act in it, giving it a random component. An increasing 
number of failures characterizes the burnout phase as a result of ageing and the deterioration 
processes that occur in the element. The curve that defines this phase can take different forms, as 
shown in Figure 3-1. See curves A and B. 
 
Figure 3-1: Bathtub curve or Davies’ curve. 
 
As assets deteriorate and stop providing the level of service for which they were designed, they need 
to be renewed. At the system level, it is preferable to speak of renewal instead of replacement, since 
a set of assets can never be replaced in its entirety, but rather gradually renewed through the 
individual replacement of the individual elements (Burns, Hope, and Roorda 1999).  
 
At the individual element level, the costs associated with its life cycle end with its disposal or 
decommissioning. However, when analysing the useful life of a system or set of assets, it can be 
stated that its associated costs are infinite. CAPEX, or investment cost, repeats periodically as 
individual assets are renewed. The OPEX, or operation and maintenance cost, occurs continuously 
and implies periodic specific investments in preventive and corrective maintenance. Corrective 
maintenance in pipes is associated with the repair of failures. 
 
Following the above, the correct way to evaluate the total cost of an asset system is through the net 
present value (NPV) of the sum of CAPEX and OPEX throughout the analysis horizon. Taking into 
consideration Figure 3-1, as the asset deteriorates, failures become more frequent; consequently, 
the operation and maintenance costs increase. 
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On the other hand, the NPV of replacing an asset or group of assets reduces as investments are 
deferred over time. The later a capital investment is scheduled, the lower its NPV will be, but there 
is a risk that deterioration costs will increase. Figure 3-2 illustrates the increasing curve of the NPV 
associated with the cost of failures, the decreasing curve that corresponds to the NPV of the 
replacement cost, and the sum of the two curves. There is a time t in which the sum of costs reaches 
a minimum, and it is defined as the optimal replacement time (Kleiner, Nafi, and Rajani 2010). 
 
Figure 3-2: Costs associated with the replacement time of an asset  
(Nafi and Kleiner 2010) 
 
According to Burn et al. (2007, cited from Brighu, 2008), if only the cost of repairing the failures is 
evaluated, it will remain far below the cost of renewal and the time t will tend to extend indefinitely. 
As a consequence, there will be an increase in risk and a potential impact on service levels. For this 
reason, the author recommends including in the costs of failures those associated with damage to 
nearby infrastructure, the volume of lost water, impact on traffic, possible impact on buildings, 
service interruption time, and others, when evaluating the appropriate time for pipe renovation. 
3.2 Calculation of failure rate 
The failure rate is conceived as the number of failures that occurred in an element or set of elements 
in a given time. In the case of pipes, it is measured per unit of length and year. For this research, the 
unit of length is adopted as the kilometre, being expressed as follows: No. Faults / (km * year). 
 









     equation 1 
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where: 
- λ m, j: failure rate of a pipe or group of pipes of material m and age j, in No. of failures / 
(km * year). 
- ri: initial year of the failure record 
- rf: final year of the failure record 
- N m, j, r: number of failures in elements of material m, age j, in year r. 
- L m, j, r: total length of elements of material m, age j, in year r. 
 
An example of the methodology used to calculate the failure rate by age of the pipes is presented 
below in Table 3-1 
 
Table 3-1: Failure rate calculation example 
Pipe age 
No. failures per year Pipe length (km) Failure rate 
2005 2006 2007 
Total 
failures 





10 years 4 10 7 21 43 32 11 86 0.244 
11 years 1 10 6 17 17 43 30 90 0.189 
12 years 5 8 5 18 8 17 41 66 0.273 
13 years 8 5 7 20 21 8 17 46 0.435 
14 years 7 8 0 15 22 21 8 51 0.294 
Source: Author 
 
This methodology takes into account for each year a different segment of pipes. It means that pipes 
that were ten years old in 2 005 are considered in the age segment of 11 years in 2 006, in the 
segment of 12 years in 2007 and so on. Successively, both in the number of faults and length. In this 
way, each age of pipes is analysed separately.  
 
The length of each group of pipes can change from year to year, depending on the installation of 
new elements or the renewal of old pipe segments. It is ideal that as the individual elements are 
renewed, the record of the old elements and their faults is kept. Otherwise, dismantled or replaced 
pipes would not be taken into account in the calculation. For example, suppose only the information 
updated to the last year is available. In that case, an asbestos-cement pipe that has been replaced 
by a PVC pipe in 2006 is not considered in the number of failures or length for the period 2005 - 
2007. It would only be taken the PVC pipe from its year of installation onwards.  
 
As a point of reference, failure rate values published in other case studies were consulted, where 
the values obtained by material are differentiated and in some cases by more specific characteristics 
such as the diameter or the age of the elements (see Table 3-2).  
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Table 3-2: Failure rate values for different reported cases9 
Autor Location Material 
Failure rate No. 
/(km*year) 











Folkman (2018) United States 
AC 
PVC 
0.04 – 0.06 
0.014 – 0.016 
Haidar and Gauffre 
(2004) 
Reggio Emilia (Italia) PVC and PE 0.04 - 0.07 
Hu and Hubble (2007) Regina (Canada) 
AC 
d = 150 mm 
d = 200 mm 





Malm et al. (2012) Goteborg (Sweden) 

















Singh and Song (2019) Honolulu, Hawaii 
PVC de 5 a 10 años 
PVC de 20 a 25 años 
0.024 
0.048 
Venkatesh (2012) United States PE 0.0031 
Wang and Liu (2012) 
Port Hedland and 
Broome (Australia) 
























9 The pressure conditions, installation depth, age or diameter of the pipes analyzed are not specified in the 
studies mentioned, except in cases where clarification is presented. 
. 
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In the above data, there is a high variability of failure rates for different materials. In some cases, PE 
is the material with the highest failure rates, and in others, PVC occupies the first place. This situation 
suggests that the pipes characteristics and the locations specific conditions have a direct effect on 
the value of the failure rates. 
3.3 Types of censorship found in failure databases  
Historical information on breaks in a water distribution system is one of the main inputs for the study 
of asset deterioration. Commonly, water utilities do not keep a record of failures, the failure records 
are not complete in terms of the quantity and quality, or the failure history is not long enough to 
characterize the failure rate behaviour (Berardi et al. 2008). 
 
Historical failure records are usually censored. Censorship occurs when an event is not included in 
the analysis period. In the context of this research, a censored data corresponds to a pipe that has 
not failed within the failure time frame. It does not necessarily mean that it will not fail in the future 
or that it has not failed in the past (Røstum 2000; Solano 2008). In order to explain censorship, there 
is a time frame defined by times X and Y, that represent the beginning and end of the interval of 
events recording. The graphic representation of the types of censorship explained below is 
presented in Figure 3-3. 
 
 
Figure 3-3: Graphical representation of right-censored and left-censored data.  
Adapted from Røstum (2000) and Solano (2008). 
 
i) Right-censored data: Occurs when the event occurs at a time Ti after a known interval [X, Y], 
such that Ti> Y. The exact moment of occurrence of the event is not known, but it is known 
that it is after Y (Solano, 2008). In this case, the observation Ti is right-censored respect to Y. 
ii) Left-censored data: It is analogous to the previous case; the difference is that the event Ti 
could have been before X. For instance, the failure of a pipe that occurred long before the 
beginning of records, and the exact date of its occurrence is unknown. 
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iii) Double-censored data: Corresponds to the union of the two previous cases. It refers to events 
before and after the time frame, therefore, are not considered in the analysis. Commonly, 
fault records have double censorship. 
iv) Random-censored data: It refers to the exclusion of events caused by reasons other than 
those that are sought to characterize. This type of censorship is common in breakage analysis 
since failures caused by conditions outside the regular use of assets must not be included. 
Examples of these conditions are overpressure events, third-party intervention, or other 
causes that are not related to the covariates to be analysed. 
3.4 Deterioration models 
Pipe failure analysis has been done through physical and statistical models. Physical models aim to 
find physically-based responses to the failure behaviour in the response of loads or weakening 
factors and to fully understand their structural performance (B Rajani and Kleiner 2001). Given the 
high cost of physical models, its use is justified only for large diameter pipes, where the impact of a 
break is considerable (Kleiner 2001). 
 
Statistical models are based on the analysis of historical failure information that allows interpreting 
patterns and predicting the future behaviour of assets (Kleiner, 2001). They are divided into two 
groups: 
 
i) Deterministic models:  
In deterministic models, the universe of pipes must be partitioned into cohorts or 
homogeneous groups concerning the factors of interest, typically age, material, diameter, 
length, and additional criteria based on the available information. The results obtained are 
directly related to how the cohorts were defined in the planning stage so that the partition 
criteria become a covariate within the model (Kleiner 2001). According to this author, when 
defining the cohorts, it is necessary to consider that their size must be small enough to keep 
uniformity and large enough to provide statistically representative information. 
 
ii) Probabilistic models: 
Probabilistic models explicitly consider a large number of covariates, allowing to achieve a 
good fit to historical data (Large et al. 2014), while reducing the need of detailed partitions 
when compared to deterministic models (Kleiner 2001).  
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In this research, deterministic models are used to characterize the failure behaviour; therefore, they 
are described in a particular way below. Appendix D contains the details of each of the described 
models, together with the equations that characterize them. 
 
Deterministic models generally associate the failure behaviour with the age of the pipes. They can 
be differentiated into two groups:  
 
i) Linear time models.  
McMullen (1982) focused his research on metallic pipes, seeking to analyse the effects of corrosion 
on deterioration. His model intended to predict the age of the assets at the first failure but did not 
involve subsequent failures; therefore, it is not constituted as a complete prediction model (Kleiner 
2001). 
 
Kettler and Goulter (1985) proposed a linear model that only involves the age of the pipes as a 
variable, and one regression parameter to be calibrated in each particular case. They found a 
negative correlation between pipe diameter and failure rate: larger diameter pipes have lower 
failure rates than small-diameter ones (Kleiner and Rajani 2001). 
 
Jacobs and Karney (1994) introduced the concept of “independent failure” as one that occurred 90 
days after a previous failure or more than 20 m away from it. They also considered clusters of 
failures, as groups of successive events, whose starting point is defined by an independent failure. 
 
Table 3-3 details the variables involved in each model, their scope, strengths and weaknesses 
identified. 
 
ii) Exponential time models.  
Shamir and Howard (1979) proposed a model that assumes an initial failure rate for a given time, 
from where the growth is exponential. This model aims to characterize the wear-out phase of the 
bathtub curve. 
 
The model proposed by Walski and Pelliccia (1982) also represents the wear phase. Based on the 
model proposer by Shamir and Howard, it involves additional variables related to the existence of 
previous failures in the pipe, assuming that once a failure occurs, there is a greater probability that 
the element will fail again (Kleiner 2001). Its implementation in left-censored data sets can lead to 
identifying secondary flaws as initial flaws. 
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Kettler and Goulter  
(1985) 
Jacobs and Karney 
(1994) 
Variables  Saturated soil resistivity, soil 
pH value, redox potential, 
partition criteria (material, 
diameter, etc.) 
Age, failure history, 
partition criteria 
(material, diameter, etc.) 
Pipe length, failure history, 
spatial location of failures, 




Des Moines, Iowa. 61% of 
breaks were found in soils with 
resistivity lower than 1500 
ohm / cm (Wengström 1993). 
R2: 0.375. 
Winnipeg (10 years of 
records), New York and 
Philadelphia. R2 values of 
0.88 and 0.67 for AC and 
HF pipes, respectively.. 
(Devera 2013; Kleiner 
and Rajani 2001) 
Winnipeg, 390 km of 6” HF 
pipes, with a record of 3550 
failure events. R2 values from 
0.704 to 0.937 for all failure 
records, and from 0.957 to 0.969 
for independent records.(Devera 
2013). 
Strengths Model aims to predict the time 
to first failure. 
Simplicity in calculation The authors formulated and 
validated the hypothesis that the 
faults are uniformly distributed 
in the length of the pipes. 
Weaknesses Focused on corrosion failures. 
It requires detailed 
information on geotechnical 
factors that is not always 
available or permanent. It is 
not a complete failure 
prediction model. 
Assumes uniform 
distribution of failures in 
the pipes of a group, 
which is not necessarily 
true 
The samples taken for the 
development of the model 
consisted of pipes of different 
ages, which may have different 
behaviours. 
 
Clark, Stafford, and Goodrich (1982) incorporated two equations into their model. The first equation 
aims to evaluate the behaviour in the initial failure phase. This first phase is represented using a 
linear regression that ends with the first failure of the element. From there, it uses a second 
equation, defined by an exponential function (Kleiner 2001), which represents the wear-out phase. 
This model is considered the first attempt to explicitly involve the impact of different variables on 
failure behaviour (Ugarelli and Bruaset 2010). 
 
According to Kleiner (2001), except for the models by McMullen (1982) and Clark et al. (1982), linear 
and exponential time models focus on the wear-out phase of the Davies curve. Accordingly, the 
adjustment of these models can be an indicator of whether the pipes are in the in-usage phase or if 
they have entered the wear-out phase. 
 
Table 3-4 presents the variables included in the exponential models, the context in which they were 
applied, and identified strengths and weaknesses.  
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Table 3-4: Exponential time models. 
Model 
Shamir and Howard 
(1979) 
Walski and Pelliccia 
(1982) 
Clark, Stafford and Goodrich 
(1982) 




Age, failure history, failure 
mode characterization, 
partition criteria (material, 
diameter, etc.) 
Installation date, failure 
history, diameter, pressure, 




Calgary, Canada. The 
authors claim to have 
achieved a good fit, 
without specifying R2 
values. The projections 
were used for cost 
analysis. (Shamir and 
Howard 1979). 
Binghamton, New York. There 
is no information reported on 
the model’s fit to the study 
case.(Devera 2013; Kleiner and 
Rajani 2001) 
The authors do not specify 
the location of the study and 
there is no documentation as 
to whether the model has 
been replicated elsewhere. 
R2 values of 0.23 and 0.47 for 
linear and exponential 
regressions, 
respectively.(Clark, et al. 
1982) 
Strengths Simplicity in the 
calculation. Information 
availability 
The model differentiates the 
first fault from the following. It 
implicitly considers the initial 
phase of the Davies curve. 
Linear regression until the 
first failure. The other failures 
re represented by an 
exponential regression.  
Weaknesses It assumes a uniform 
distribution of the 
failures in pipes, which 
is not always the case. 
Explicitly developed for large 
diameter cast iron pipes. The 
additional covariates, with 
which the authors sought to 
improve the Shamir and 
Howard model, have an impact 
on the initial failure rate but 
not on its annual growth rate. 
It assumes that in the initial 
failure phase the covariates 
have independent effects on 
the failure rate (additive 
relationship). The model 
excludes factors that may 
have an impact on the first 
failure. The model was 
proposed for concrete and 
metal pipes (requires data of 
soil corrosivity). 
3.5 Model selection 
As follows, the support for the selection of the models to be used in the case study.  
 
i) The McMullen model is discarded for the following reasons: Its objective is to determine the 
age of the pipes at the first failure; therefore, it would only apply to pipes installed since the 
year 2 002 (two events in asbestos-cement, 239 in PVC and 306 in PE). Additionally, it focuses 
on failures caused by corrosion in metal pipes. 
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ii) The model proposed by Jacobs and Karney could take into account only 122 records of 
secondary failures that meet the definition of independent failures, which are distributed in 
81 pipes and a length of 12.8 km of networks, reducing the representativeness of the 
information. 
iii) The model presented by Walski and Pellicia was explicitly proposed for large diameter cast 
iron pipes; therefore, it does not apply to the data under analysis. Additionally, there would 
be strong left-censorship given that the failures that occurred before 2 002 are unknown. 
iv) The Clark model was applied in two water distribution systems, in the largest one, ductile iron 
pipes represented 97.5% of the length of the network. Consequently, the model identifies 
corrosion as the leading cause of failure and introduces variables associated with soil 
characteristics that can influence the failure rate into the model. Therefore, it is not 
considered applicable to the case analysed. 
 
The models selected to be applied to the case study data set are the linear model proposed by Kettler 
and Goulter, and the exponential model presented by Shamir and Howard. 
 
The defining equations are presented below: 
 
i) Kettler and Goulter lineal model: 
The linear model conceived by Kettler and Goulter is defined by the following Equation (Kleiner 
2001): 
 
𝜆 = 𝑘0 ∗ 𝐸     Equation 2 
where: 
𝜆 = Number of failures per unit length per year (km-1 year-1) 
k0= Regression parameter 
E= Pipe age, in years  
 
ii) Shamir and Howard exponential model: 
The exponential model proposed by Shamir and Howard is defined by the following Equation (Kleiner 
2001): 
 
𝜆(𝑡) = 𝜆(𝑡0) ∗ 𝑒
𝐴 (𝑡−𝑡0)     Equation 3 
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where: 
λ = Number of failures per unit length per year (km-1 year-1) 
t= Year of projection 
t0= Reference year, for which the failure rate is known 
A= Failure rate growth coefficient  
 
The scope of application in both cases corresponded to PVC, PE and AC pipes, due to the number of 
available failure records, as will be detailed in chapter 4. In this sense, the material was taken as a 




4.  Case study 
The case study is the water distribution network in the urban area of Manizales. This chapter 
describes the study area, the origin of the information used for the analysis, the water distribution 
network, and the criteria considered for the organization of data. The failure analysis was carried 
out through a characterization of the records of failures in the water distribution network to identify 
patterns in their behaviour. In parallel, two deterministic failure forecasting models were applied. 
Both models were calibrated and validated with the historical failure information, seeking to 
evaluate their representativeness in order to forecast the expected number of failures in the future. 
Based on these analyses, asset management tactics are proposed in chapter 5. 
4.1 Location 
Manizales is the capital of the department of Caldas. It is located in the centre-west of Colombia, on 
the central mountain range, at an average altitude of 2 153 meters above sea level. According to the 
national census carried out in 2018, Manizales has a population of 400 436 inhabitants (DANE 2019).  
 
Aguas de Manizales provides public water and sewerage services for the city. As of 2 019, the water 
utility had coverage of the aqueduct system of 99.98% in urban areas and 90.03% in rural areas, 
serving 112 764 clients. The company has a projection of 120 000 customers by 2 022 (Aguas de 
Manizales S.A. E.S.P. 2019). 
 
Due to the city's topography, water distribution is done by gravity in all hydraulic sectors, except for 
a small area in the north of the city, named San Sebastián Stage IV (National Planning Department 
2013), where a pumping system supplies water. The nature of the terrain favours high pressures in 
the water distribution networks, which are controlled by more than 480 pressure regulating valves 
located in the urban area (Aguas de Manizales S.A. E.S.P. 2017). 
 
The rainfall regime in the region is bimodal, with maximum precipitation values in April - May and 
October - November, and mean annual precipitation values of around 1 930 mm. The average 
temperature is 17 ° C, with average minimums and maximums of 11.8 ° C and 22.0 ° C, respectively 
(IDEAM s. f.). 
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4.2 Source of information 
Aguas de Manizales provided the information used for the analysis in shapefile format. There is a 
database for the city's water distribution networks, which contains a detailed registry of 33 196 
pipes, and includes attributes such as material, diameter, installation date, DMA and zone, state of 
service, place of installation, length, and so on.  
 
A second database contains the information of 5 109 records of failures that occurred in the network 
between 2 001 and 2 020. It includes the diameter and material of the pipe in which they occurred, 
cause of failure, date of attention, and so forth. Both failure records and network assets are 
georeferenced within the GIS. In the failure databases, bursts are not related to the pipes where 
they occur. However, the spatial references allow the association of failure records with pipes, in 
order to assign the pipe attributes to the failures and estimate pipe age at the time of failure. 
 
A department with exclusive responsibility on the GIS is in charge of updating the water network 
information. The field personnel are in charge of attending failures, reporting information 
inconsistencies, reporting installation of new assets, and so on. This information is continuously 
reported to the SIG department so that it is kept up to date. 
4.3 Description of the water distribution networks  
The water distribution network of Manizales added to 2 019 a total length of 729.9 km, 
disaggregated as shown in Table 4-1.  
 
Table 4-1: Distribution network length 
Material Length (km) Relative length 
PVC 447.1 61.3% 
AC 106.5 14.6% 
PE 94.2 12.9% 
HF 33.3 4.6% 
HG 16.1 2.2% 
HD 14.5 2.0% 
ACE 7.2 1.0% 
CCP 7.0 1.0% 
GRP 4.2 0.6% 
Total 729.9 100.0% 
Source: Author 
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The most representative materials are asbestos cement (AC), polyvinyl chloride (PVC) and 
polyethylene (PE), which together make up 88.7% of the total length. Consequently, the discussions 
presented in this chapter focus on these materials. figure 4-1 represents the spatial distribution of 
these three materials in the city of Manizales. 
 
 
Figure 4-1: Spatial distribution of water distribution networks, by material. 
Source: Author. 
 
Figure 4-2 shows the relative length by diameter for each of the materials in the Manizales' water 
networks. 
 
Figure 4-2: Percentage distribution of pipe lengths by material and diameter  
Source: Author. 
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In PE pipes the diameter of 110 mm predominates, the length of pipes with a diameter less than 50 
mm is also significant. In asbestos-cement and PVC pipes, the most representative diameter is 3”, 
while diameters greater than 200 mm are the predominant ones in steel, CCP, GRP, and ductile iron 
pipes. 
4.4 Data preparation  
The data from the pipe and failure databases was refined, obtaining a total of 2 177 failure records 
for the period 2 002 - 2 019. These are the criteria used for data preparation: 
 
i) Pipe sections with an installation date of 01/01/1900 were excluded. This value is 
assigned by the GIS when the date field is equal to zero. 
ii) PVC pipes installed before 1 970 and PE pipes installed before 1 980 were excluded, due 
to anachronism (approximately from these dates the manufacture and marketing of 
these materials began in -Colombia). 
iii) Failures identified as caused by third parties, obstructions and valve failures, were 
excluded from the analysis. 
iv) Failure records whose date is earlier or coincides with the installation date of the 
associated pipeline, were set aside. In these cases, it is understood that the repair gives 
rise to a new pipeline and the data from the previous pipe is discarded. 
v) Failure records for the years 2001 and 2020 were not taken into account. Only full years 
were included. 
 
From the refined data, failures were differentiated between those  
associated with pipes and those associated with joints or accessories, based on the description of 
the cause of failure. The causes indicated in the database as "accessory failure" and "splice" were 
associated with joints, while the remaining causes were associated with pipes. The personnel in 
charge of repairs assigns these causes to failure records. 
 
Table 4-2 shows the frequency of failures associated with pipes and joints for each of these three 
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AC 2002 - 2019 270 102 38% 168 62% 
PE 2004 – 2019 430 171 40% 259 60% 
PVC 2002 – 2019 1 222 465 38% 757 62% 
4.5 Characterization of failures 
Failure characterization was carried out utilizing a frequency analysis for the three most 
representative materials: PVC, EP and AC; which took into account variables such as the diameter 
and age of the pipes. It was sought to identify patterns in the behaviour of the failure rate, on which 
asset management recommendations could be made. 
4.5.1 Methodology 
For the characterization of the failure records, the steps described below were followed: 
i) Analysis of failure frequencies for each material and different diameter, to identify in 
each material the pipe size with the highest number of failures. 
ii) Calculation of the failure rate for records associated with pipes and those associated 
with joints, by material and diameter. The above, in order to identify the behaviour of 
the failure rate against the diameter, in each material. 
iii) Analysis of the distribution of pipes by age for each material, based on the total length 
of each age group. This analysis aims to identify the most representative age groups in 
each case and estimate the mean age by material. 
4.5.2 Analysis of results 
When relating the number of failures associated with pipes with the diameter and material of the 
element where they occurred, it was found that: 
i) In the AC pipes, 59% of the failures were concentrated in 3" diameter pipes, which represent 
40% of the total length for this material. 
ii) In PVC pipes, 26% of failures occurred in elements of diameter 2" or less. 61% of the 
occurrences concentrated in 2" and 3" diameter pipes, and only 11% of the records were 
associated with pipes of diameter 4 " or higher. 
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iii) In polyethylene pipes, 80% of the failures occurred in pipes with a diameter of less than 
50mm. A large part of the PVC and PE pipes smaller than 63mm in diameter corresponds to 
branched networks, many of them installed under green or pedestrian areas, and in many 
cases at a lower depth than recommended by the Technical Regulation for the Drinking Water 
and Basic Sanitation Sector.  
iv) For AC, PE and PVC assets, at least 60% of the failures were associated with joints between 
elements. 
Figure 4-3 graphically shows the relative failure frequency by diameter for each of the three most 
representative materials. 
 
Figure 4-3: Percentage distribution of pipe failure records by material and diameter  
Source: Author. 
 
When calculating the failure rate per diameter for the three materials, it was found for failure 
records associated with pipes that: 
i) The elements with diameter less than 2" in PVC and less than 63 mm in PE presented the 
highest failure rates, in the order of 4.7 and 7.8 records per kilometre, per year. These 
diameters are not associated with high risk, related to the impact that their failure can 
represent. Asbestos cement does not report pipes of these diameters. 
ii) In small diameter elements, the failure rate in PE is 1.7 times the one observed in PVC. 
iii) The failure rate for all materials decreased as the diameter of the pipes increased, presenting 
the lowest values for elements with a diameter greater than 8" for AC and PVC, and greater 
than 200 mm for PE. 
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iv) For pipes from 2" to 8", the highest rates were presented in AC elements. This situation 
changed for pipes with a diameter higher than 8", where the highest failure rate was observed 
in PVC pipes. 
v) For the set of failure records associated with these three materials, 84% of failures occurred 
in pipes with a diameter equal to or lower than 3 ". Only 1.8% of the occurrences correspond 
to diameters higher than 8". Pipes of these diameters correspond to elements that, in case of 
failure, can generate a significant impact in terms of service discontinuity, the number of 
customers affected or volume of water losses. 
 
Figure 4-4 presents the comparison of the failure rate observed for records associated with pipes, 
for each diameter and material. 
 
 
Figure 4-4: Variation of failure rate in pipes for different diameters and materials  
Source: Author. 
 
The results of the variation of failure rate concerning diameter and material, for the failures 
associated with joints, showed that: 
i) The highest failure rates in joints was found in elements with a diameter smaller than 2” in 
PVC and lower than 63 mm in PE. These values exceeded the rates found in the failure records 
associated with pipes by 1.4 and 1.6 times, respectively. 
ii) In these elements, the failure rate in PE was 1.9 times the rate observed in PVC. For diameters 
2” onwards, the failure rate in PVC remained higher than PE. 
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iii) The failure rate also decreased as the diameter of the pipes increased, with the lowest values 
for elements over 8” diameter. 
iv) For diameters from 3” to 8”, the highest rates were found in AC elements. In diameters 
starting at 8”, the lowest failure rate was observed in this material. 
v) On average, failure rates associated with joints were higher than those associated with pipes 
by 165% in AC elements, 163% in PVC and 151% in PE. 
 
Figure 4 5 presents the comparison of the failure rate observed for records that occurred in pipes, 
for each diameter and material. 
 
 
Figure 4-5: Variation of the failure rate in joints for different diameters and materials  
Source: Author. 
 
It was intended to confront the failure rates by material and age. In this sense, AC with PVC and PE 
with PVC were comparable. There are no common ages between AC and PE pipes since the youngest 
AC pipes with failure records are 20 years old, and the oldest PE pipes with failures are 19 years old. 
When evaluating the age of the pipes by material taking age groups defined by five-year periods, the 
following was found: 
 
i) AC pipes: 
AC pipes are the oldest among the three materials analysed, with an average age of 50.8 years 
old. 57% of the length of this material is made up of pipes that are over 50 years old, and 24%, 
equivalent to a length of approximately 26 km, are over 65 years old. 
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The failure rate calculated by age groups and without distinction of diameter shows an 
increasing trend, until reaching 70 years old pipes. The following age group presented only 
one failure in the recording period, and consequently, the calculated rate is low. There are no 
failure records in items older than 75 years. 
 
Figure 4-6 shows the distribution of the length of the AC pipes by age groups from 25 years 
old. 
 
Figure 4-6: Composition of AC networks by age and failure rates 
Source: Author. 
 
ii) PVC pipes: 
The maximum age recorded for PVC pipes is 49 years, and the average age weighted by length 
is 28.1 years. About 50% of the length of the networks of this material is made up of pipes 
installed more than 35 years ago. 
 
According to figure 4 7, the failure rate calculated for the last two age groups, 40 to 45 years 
old, and 45 to 50 years old, increase considerably compared to the younger groups, even 
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Figure 4-7: Composition of PVC networks by age and failure rates 
Source: Author. 
 
iii) PE pipes: 
PE pipes are the youngest among the materials analysed. The oldest elements are around 26 
years old, and the average age is 9.2 years. Only 4% of the length of the material is made up 
of elements older than 20 years. 
 
The failure rates were maintained up to 20 years old at around 4.0 records/km year. In the 
elements between 20 and 25 years old, the rate increased to 33.3 as a result of 120 faults 
found in 3.6 km.  
 
Figure 4-8: Composition of PE networks by age and failure rates. 
Source: Author. 
Chapter 4 59 
 
4.5.3 Discussion 
The discussion that follows is based on the information provided by Aguas de Manizales. Three topics 
are proposed for discussion: 
 
▪ Aspects that may affect the results 
During the data analysis process, two aspects that affect the results were evidenced: 
i) As a pipeline is renewed, the GIS is updated with the new element information, and the old 
data is discarded. Accordingly, failures associated with replaced pipes are manually eliminated 
from the database. Is possible that some data remains and using a spatial proximity analysis 
can be erroneously assigned to the new pipe. 
 
This random censorship limits the information available and leaves out elements whose 
replacement could have been triggered by consecutive failures or elements that failed at any 
time, and whose information serves as an input to characterize the deterioration processes. 
 
In the case of asbestos-cement pipes, there are consistent records from 24-year-old pipes, on 
average. Only 10% of the length of this material is younger than 30 years old and has a total 
of 4 failure events, which does not allow characterizing the material's behaviour at early ages. 
 
A similar situation occurs with pipes over 70 years old. Above this age, there are no failure 
records, even though a high number of failures per kilometre were observed for 60 to 70-
year-old pipes. It is inferred that the remaining elements are those that have shown to be 
more resistant and, therefore, have survived. Mathematically they represent low failure 
frequencies, but it does not necessarily correspond to the general behaviour of the material, 
blurring the assumption that the failure rate tends to increase with age during the wear or 
burnout phase indicated in the Davies curve, or bathtub curve. 
 
ii) The causes currently assigned are filled out by the personnel in charge of the repair, and their 
parameterization does not accurately describe the failure modes or the environmental 
conditions. Assigning the cause of failure can be a subjective activity, because of the 
ambivalence of the available options, the lack of knowledge of the personnel at the time of 
selection, or lack of sufficient information to make an objective decision. 
 
Obtaining objective information concerning the failed elements requires focusing the report 
on an accurate description of the situation, both at the asset and environmental levels, 
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instead of demanding conclusions at the discretion of multiple observers. In this way, accurate 
identifications of failure modes facilitate the identification of causes (National Research 
Council, 2003). 
 
▪ Failure location 
As a result of the characterization, the high percentage of failures in joints between elements allows 
inferring that these are the most vulnerable places in the network, therefore, preventing their 
appearance should be a priority for the water utility. 
 
According to Folkman (2018) failures that occur in joints are not the result of deterioration and 
ageing processes. On the contrary, they are associated with excessive stresses, deformations 
associated with the conditions and environment, improper installation practices or faulty 
construction (Sharff et al., 2011). Some examples can be mentioned: 
 
i) Inadequate foundation associated with the presence of sharp elements that initiate specific 
failures, or associated with inadequate support that generates bending effects in the pipe, 
which can trigger circumferential failures (Rajani and Kleiner, 2001).  
ii) Low installation depths, for which pipes are more susceptible to the effect of live loads and 
therefore require better compaction of the filling material, compared to greater installation 
depths (Plastics Pipe Institute 2009). 
iii) Absence or insufficient dimensioning of anchors in accessories and changes of direction, for 
elements with mechanical joints. 
iv) Inadequate selection of joining elements between pipes of different characteristics. 
v) Inadequate alignment between elements, which generates tensile stresses in joints. 
vi) Curvature radius smaller than recommended by the manufacturers, which generate excessive 
stresses in the pipes. 
vii) Inadequate thermofusion or electrofusion practices in PE pipes, associated with low melting 
temperatures or element overheating, inaccuracies in the cutting of the surfaces to be fused, 
insufficient or excessive pressure in the joining process, lack of cleaning of surfaces (Extrucol, 
n.d.; PAVCO, 2017). 
viii) Excessive insertion of the spigot of one pipe into the bell of another can trigger tension 
stresses in the bell, favouring the appearance of cracks (Pavco, 2013).  
ix) Inadequate pipeline transportation and storage practices (Extrucol, n.d.; PAVCO, 2017) 
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The above factors are not expected when construction processes and pre-installation activities 
respond to best practices. Accordingly, the appearance of these failure mechanisms can be 
mitigated through the competences training in operating personnel, the existence of procedures or 
standards for products and processes, and the ensuring of the compliance of the above. 
 
▪ Relationship between diameter and failure frequency 
When analysing the number of failures concerning the length associated with each diameter (or 
partition), it was confirmed the conclusion given by Kettler and Goulter (1985), later by Rajani and 
Kleiner (2001) and by Ogutu et al. (2018), about the fact that smaller diameter pipes tend to have a 
higher failure incidence per unit length. Consequently, the results indicate that the highest failure 
frequencies occur in elements with a diameter equal to or lower than 2", which is even less than the 
minimum diameter recommended by Resolution 330 of 2017 for water networks. 
 
Jeffrey and Marks (1985) consider pipes 8" and below as small diameter; Rogers et al. (2009) indicate 
that those pipes with a diameter equal to or less than 200 mm are small. According to Thomson and 
Royer (2013), the relatively low cost associated with small diameter pipe failures and repairs in low-
risk situations makes it difficult to justify a significant investment in data collection and the 
application of sophisticated models. However, although the consequences of small-diameter pipe 
failure may not trigger the inclusion of IAM strategies, the secondary cost of these failures may be a 
factor of greater interest. 
 
In addition to the costs of repair supplies, which can be low depending on the diameter, attention 
to failures requires other activities. Activities such as transporting personnel to and from the event 
site, demolishing and constructing roadways (in some cases), energy consumption, CO2 emissions, 
excavation, soil compacting and, in general terms, the working hours cost associated with these 
activities. The sum of these O&M costs can be significant compared to the net cost of the supplies 
required for the repair. This perspective highlights the importance of not only recording failures and 
their spatial location, but also of monitoring the total costs associated with corrective maintenance 
activities, and defining management strategies aimed at minimizing, from prevention, failures in 
small-diameter pipes. 
 
The high frequency of failures found in small diameter pipes can suppose, in addition to corrective 
actions for their attention, the assurance of the quality of the repair works, in order to avoid the 
appearance of secondary failures associated with a previous failure. The shallow installation depths 
found in some of the cases can lead to infer some relationship with the high failure frequencies; 
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however, a third of the records lack information in this regard, which makes it precipitate to make 
assumptions assume about it. 
 
On the other hand, even though only 10% of the length of the water distribution network has 
diameters above 10", it was expected to have a more significant record of failures that would allow 
characterizing the behaviour of those pipes whose failure may have a high impact. The results 
showed the opposite; only 1% of failures correspond to these diameters. 
 
In summary: 
i) The available information presents random censorship. Failure records associated with 
replaced pipes are removed from the system when the pipe is replaced. This situation leads 
to the loss of information that can be useful for characterizing the behaviour of failures in 
different materials. 
ii) There is no information available to characterize AC pipes older than 70 years as there are no 
records of breaks. It does not mean that elements this age have not failed in the past, and 
new pipes have replaced them. 
iii) The information of previously failed and renewed elements is essential to know the behaviour 
of the material at different ages, which leads to the need of keeping failure records of 
previously replaced elements and avoiding this type of censorship. 
iv) The available information does not allow the precise identification of failure modes and 
mechanisms. It is unknown how pipes fail and what is the impact of former failures. 
v) Failures concentrate mainly in joints between elements, not in the pipes themselves. Except 
for 90- and 110-mm PE, and 8" AC, where failures in pipes were slightly higher. 
vi) The highest percentage of failures in pipes corresponds to those of small diameter (less than 
2" for PVC and 63 mm for PE), which are located mainly under green or pedestrian areas, and 
generally at shallow depths. In the case of AC, pipe failures are concentrated in 3" elements. 
vii) viii) PE shows the lowest average number of failures per kilometre in the record horizon for 
pipes 2" and bigger, while AC shows the highest averages for these diameters. 
viii) PE and AC were not comparable by age group and diameter, since the records of failures in 
PE go up to an age of 19 years and those of AC start at 20 years. 
ix) Between AC and PVC, it was possible to compare the failure frequencies obtained for 3" 
diameter pipes with ages between 25 and 27 years. AC showed the highest values in all cases. 
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4.6 Application of deterministic models 
The deterministic models selected in 3.5 were applied to failures in AC, PVC and PE elements. The 
starting point was the records resulting from the refining indicated in 4.4. 
 
As follows, a presentation of the methodology used, data organization, models result, and the 
proposed discussion in this regard. 
4.6.1 Methodology 
The following methodology was used for the application of deterministic models to the data set of 
failures in AC, PVC and PE elements: 
i) Partitions were defined for each material, based on the diameter of the pipes. 
ii) The Kettler and Goulter linear model and the Shamir and Howard exponential model were 
applied to the selected partitions with a representative number of data, independently for 
the records of failure in pipes and failure in joints. 
iii) The calibration period was defined as 2 002 - 2 013, and the validation period as 2 014 - 2 019. 
The calibration period is equal to two-thirds of the failure history, and the calibration period 
is equal to one-third of this time. 
iv) In the case of the linear model, the regression parameter k0 was estimated for each case. For 
the exponential model, the value of λ0 (initial failure rate), and A (failure rate growth 
coefficient) was found. In the exponential model, the beginning of the useful life zone (Davies' 
curve) was identified for each partition, and that time was defined as t0, with a known rate λ0. 
From there, the value of parameter A was estimated to get the best fit of the model. 
v) The number of failures was projected for the validation period. 
vi) The mean absolute percentage error by material and partition was calculated, both for the 
annual projections and for the sum of projections for 2 014 - 2 019. 
4.6.2 Data organization 
Deterministic models require partitioning the data into uniform cohorts or groups. In this analysis, 
the grouping variables were defined as material and diameter of the pipes. 
 
The cohorts’ definition is presented below. They remained unchanged for the linear and exponential 
models. 
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▪ PVC pipes 
Within the set of PVC elements, different partitions were made concerning the diameter: a set of 
pipes with a diameter smaller than 2 ", pipes with diameters 2", 3", 4" onwards. The failure records 
associated with pipes were differentiated from those associated with accessories or joints. Table 4-3 
presents the number of failure records for each case. 
 
Table 4-3: Number of failures per cohort in PVC pipes 
Diameter No. failures Failures in pipes Failures in joints 
Lower than 2" 297 123 174 
2" 434 159 275 
3" 349 123 226 
4" 93 45 48 
6" 28 6 22 
8" 14 5 9 
10" 4 1 3 
12” 1 1 0 
14” 1 1 0 
16” 1 1 0 
Total 1222 465 757 
 
From the previous partitions, those corresponding to pipes with diameters 2”, 3” and 4” were taken 
for the models’ application, according to the number of registers available. 
  
Figure 4-9 shows the location of the PVC pipe failure records.  
 
Figure 4-9: Spatial location of failure records in PVC. 
Source: Author. 
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▪ PE pipes 
The partitions made to the PE elements were made for each of the diameters greater than 63 mm. 
Table 4-4 presents the number of records for each case. 
 
Table 4-4: Number of failures per cohort in PE pipes 
Diameter No. failures Failures in pipes Failures in joints 
D < 63mm 401 149 252 
63 mm 15 6 9 
90 mm 26 14 12 
110 mm 25 16 9 
160 mm 7 2 5 
200 mm 1 1 0 
250 mm 1 0 1 
315 mm 2 1 1 
Total 478 189 289 
 
From these partitions, those corresponding to pipes with diameters 63, 90 and 110mm were taken 
for the models’ application, according to the available number of registers. 
 
The spatial distribution of the failure records in PE elements is shown in Figure 4-10.  
 
Figure 4-10: Spatial location of failure records in PE. 
Source: Author. 
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▪ AC pipes 
AC pipes range in diameter from 2” to 16”. Table 4-5 presents the number of failure records for 
each diameter. 
 
Table 4-5: Number of failures per cohort in AC pipes 
Diameter No. failures Failures in pipes Failures in joints 
2" 7 3 4 
3" 181 63 118 
4" 44 16 28 
6" 17 7 10 
8" 12 8 4 
10" 3 2 1 
12" 2 2 0 
14" 6 4 2 
16" 1 0 1 
Total 273 105 168 
 
The models were applied for the set of elements between 2” and 8” and independently for those 
with 3” diameter. 
 
Figure 4-11 shows the location of the failure records in asbestos-cement pipes.  
 
Figure 4-11: Spatial location of failure records in AC. 
Source: Author. 
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The most antique AC pipes in 2019 were 89 years old, and the maximum age with registered failures 
was 65 years old.  
4.6.3 Kettler and Goulter linear model 
The Kettler and Goulter model was applied to the PVC, PE and AC pipes of the Manizales water 
network, using equation 2. Results are shown below. 
 
▪ Application to PVC pipes 
The values of the regression parameter k0 were defined for the analysed partitions. Table 4-6 shows 
the values for each case. 
 
Table 4-6: Values of k0 obtained for the Kettler and Goulter model, PVC. 
Diameter Failures in pipes Failures in joints 
2" 0.0019 0.0041 
3" 0.0013 0.0019 
4" 0.0068 0.0072 
 
Once defined the k0 parameter for each partition, the number of failures per age group was 
projected for the validation period; The results are shown in Figure 4-12. 
 
Figure 4-12: Sum of failures for the validation period by partition, PVC. 
a) Failure records associated with pipes; b) Failure records associated with joints. Source: Author. 
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In all cases the model underestimated the number of observed failures. The mean absolute 
percentage error - MAPE10 was used to evaluate the fit of the models, see Equation 4. 
 






𝑖=1    Equation 4 
where: 
obsi = observed data 
simi = simulated data 
n =  number of failure registers 
 
Table 4-7 presents the MAPE adjustment ranges according to Lewis (1982, cited in Montaño Moreno 
et al. 2013) and Jia et al. (2015, cited in Zangenehmadar, 2011). 
 
Table 4-7: MAPE adjustment ranges 
Range Forecast quality 
0% – 10% High accuracy 
10% – 20% Solid forecast 
20% – 50% Feasible forecast 
> 50% Inaccurate forecast 
Source: Author 
 
Table 4-8 shows the results of the MAPE for the annual projections and the total failures along the 
validation period. It is observed that in general, the model tends to present better results when 
analysing the sum of the projected failures for the five years of the validation period, than when 










10 MAPE: Also called Normalized Mean Absolute Error – NMAE (Stauffer and Seaman, 1990). 
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Table 4-8: MAPE values for PVC failures during the validation period. Linear model. 
Diameter Scope Failures in pipes Failures in joints 
=> 2" 
Annual number of failures 40% 42% 
Total failures validation period 12% 19% 
2" 
Annual number of failures 56% 53% 
Total failures validation period 46% 41% 
3" 
Annual number of failures 53% 57% 
Total failures validation period 59% 61% 
4" 
Annual number of failures 71% 22% 
Total failures validation period 24% 5% 
Source: Author 
 
▪ Application to PE pipes 
The values of the regression parameter k0 were defined for the partitions analysed in the material. 
Table 4-9 presents the values for each case. 
 
Table 4-9: Values of k0 obtained for the Kettler and Goulter model, PE. 
Diameter Failures in pipes Failures in joints 
63 mm 0.0480 0.0450 
90 mm 0.0480 0.0360 
110 mm 0.0100 0.0100 
        Source: Author 
Based on the regression parameters defined for each partition, the number of failures per age group 
was projected for the validation period. Results are shown in Figure 4-13. 
 
Figure 4-13: Sum of failures for the validation period by partition, PE. 
a) Failure records associated with pipes; b) Failure records associated with joints. Source: Author. 
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Table 4-10 contains the MAPE results for the PE elements. 
 
Table 4-10:  MAPE values for PE failures during the validation period. Linear model. 
Diameter Scope Failures in pipes Failures in joints 
=> 63mm 
Annual number of failures 26% 44% 
Total failures validation period 22% 13% 
63 mm 
Annual number of failures 50% 67% 
Total failures validation period 0% 60% 
90 mm 
Annual number of failures 50% 20% 
Total failures validation period 170% 10% 
110 mm 
Annual number of failures 58% 75% 
Total failures validation period 25% 100% 
Source: Author 
▪ Application to AC pipes 
The failure rate was calculated for the element sets between 2" - 8", and 3". The results shown in 
Figure 4 14 show that the calculated failure rates tend to decrease as the pipe age increases, which 
would imply a negative value of the regression parameter k0. 
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.  
Figure 4-14: Failure rate in AC pipes. (a) diameters 2" to 8"; (b) 3" diameter. 
Source: Author 
 
The model includes only the pipes age as a variable and the parameter k0, making the value of the 
intercept when X = 0 to be zero. In this sense, the value of k0 would be negative in both cases, 
resulting in negative failure rates for all ages. See Figure 4-15. 
 
 
Figure 4-15: Sum of failures for the validation period by partition, AC. 
a) Failure records associated with pipes; b) Failure records associated with joints. Source: Author. 
4.6.4 Shamir and Howard exponential model 
The model proposed by Shamir and Howard was applied to PVC, PE and AC pipes of the Manizales’ 
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▪ Application to PVC pipes 
For the failure record period (2002 - 2019), the mean failure rate value for pipes with a diameter 
equal to or greater than 2” was 0.05 (failures / (km * year), while the value corresponding to the 
assets with a smaller diameter was 0.35 (failures / (km * year) when evaluated records associated 
with pipes. For records associated with joints, values of 0.09 and 0.46 were obtained, respectively. 
 
Table 4-11 presents the values obtained from the initial failure rate, λ0, and the failure rate growth 
coefficient, A, in each case. 
 
Table 4-11:  Parameters obtained for the Shamir and Howard model, PVC. 
Diameter Parameter Failures in pipes Failures in joints 
2" 
λ0 0.0536 0.0536 
A 0.01 0.037 
3" 
λ0 0.0189 0.0379 
A 0.0329 0.0198 
4" 
λ0 0.0726 0.0900 
A 0.03 0.031 
Source: Author 
 
Once the parameters λ0 and A were defined for each partition, the number of failures per age group 
was simulated for the validation period; the results are shown in Figure 4-16. 
 
As in the Kettler and Goulter model, the projections were lower than the number of failures 
observed in all cases. 
 
Figure 4-16: Sum of failures for the validation period by partition, PVC. 
a) Failure records associated with pipes; b) Failure records associated with joints. Source: Author. 
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The MAPE results shown in Table 4-12 remain mostly in the inexact and reasonable forecast ranges. 
Like the Kettler and Goulter model, the exponential model results for the sum of failures in the 
medium term were generally better than the year-over-year forecasts. 
 
Table 4-12:  MAPE values for PVC failures during the validation period. Exponential model. 
Diameter Scope Failures in pipes Failures in joints 
=> 2" 
Annual number of failures 44% 40% 
Total failures validation period 14% 21% 
2" 
Annual number of failures 77% 50% 
Total failures validation period 21% 34% 
3" 
Annual number of failures 66% 59% 
Total failures validation period 49% 47% 
4" 
Annual number of failures 30% 19% 
Total failures validation period 53% 16% 
Source: Author 
 
▪ Application to PE pipes 
The parameters λ0 and A were estimated for each of the cohorts. The results of the model are shown 
in Table 4-13 for the selected partitions. 
 
Table 4-13:  Parameters obtained for the Shamir and Howard model, PE. 
Diameter Parameter Failures in pipes Failures in joints 
63 mm 
λ0 0.1624 0.1683 
A 0.111 0.1104 
90 mm 
λ0 0.1451 0.0720 
A 0.11 0.099 
110 mm 
λ0 0.0632 0.0316 
A 0.049 0.0531 
Source: Author 
 
As follows, Figure 4-17 presents the projected and simulated number of failures, and the MAPE value 
calculated for each partition. 
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Figure 4-17: Sum of failures for the validation period by partition, PE. 
a) Failure records associated with pipes; b) Failure records associated with joints. Source: Author. 
 
MAPE values obtained for each partition are shown in Table 4 14. 
 
Table 4-14:  MAPE values for PE failures during the validation period. Exponential model. 
Diameter Scope Failures in pipes Failures in joints 
=> 63mm 
Annual number of failures 17% 55% 
Total failures validation period 26% 0% 
63 mm 
Annual number of failures 100% 100% 
Total failures validation period 100% 100% 
90 mm 
Annual number of failures 53% 100% 
Total failures validation period 10% 100% 
110 mm 
Annual number of failures 42% 100% 
Total failures validation period 13% 100% 
Source: Author 
 
▪ Application to AC pipes 
The parameters λ0 and A were estimated for the sets of elements between 2” – 8”, and 3” diameter. 
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Table 4-15:  Parameters obtained for the Shamir and Howard model, AC. 
Diameter Parameter Failures in pipes Failures in joints 
2” to 8” 
λ0 0.2839 0.2918 
A -0.038 -0.0270 
3” 
λ0 0.5129 0.2671 
A -0.039 -0.0100 
Source: Author 
Figure 4-18 presents the projected and observed failures for the years 2014 - 2019. In the case of 3” 
diameter pipes, the model overestimated pipe failures, but underestimated joint breaks. In the set 
of elements from 2” - 8” diameter, it showed an underestimation in both cases. 
 
Figure 4-18: Sum of failures for the validation period by partition, AC. 
Source: Author 
a) Failure records associated with pipes; b) Failure records associated with joints. Source: Author. 
MAPE had a maximum value in the annual projection of failures in pipes from 2” - 8”, but this value 
was lower when the analysis was limited to the 3” elements. This indicator showed better results 
when evaluating the total of the failures projected for the five years. Results are shown in Table 4-16. 
 
Table 4-16:  MAPE values for AC failures during the validation period. Exponential model. 
Diameter Scope Failures in pipes Failures in joints 
2” to 8” 
Annual number of failures 91% 40% 
Total failures validation period 17% 44% 
3” 
Annual number of failures 48% 47% 
Total failures validation period 45% 35% 
Source: Author 
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4.6.5 Models comparison 
The ranges in which the MAPE results were for models applied to the different materials are 
summarized below. 
 
Figures 4-19 and 4-20 show the minimum and maximum values of the mean absolute percentage 
error for failures in pipes and failures in joints, both for the annual projections and for the total 
failures projected for the period 2014 - 2019. 
 
 




Figure 4-20: MAPE ranges for pipeline failures. 2 014 – 2 019 projections. 
Source: Author. 
 
Figures 4-21 and 4-22 present the minimum and maximum values of the mean absolute percentage 
error for failures in pipes and failures in joints, both for annual projections and for the total failures 
projected for the period 2014 - 2019.  
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Figure 4-22: MAPE ranges for joint failures. 2 014 – 2 019 projections. 
Source: Author. 
 
From the results shown above: 
i) The linear model presented a lower error for failures in 2" and 3" PVC pipes and 63- and 90-
mm PE pipes, in comparison with the exponential model, when evaluating the annual 
projections. However, MAPE values remained within the range defined in Table 4-7 as an 
inaccurate forecast. 
ii) On the contrary, for the failures associated with PVC and PE pipes of 4" and 110 mm in 
diameter, respectively, it was the exponential model that presented the lowest error in the 
annual projections. The values obtained were 30% and 42%, respectively. These values are in 
the feasible forecast range according to the table mentioned above. 
iii) The linear model presented a lower error in the projections year to year for failures in PE 
joints, in all the analysed diameters, with a minimum value of 20% for the 90-mm elements. 
For PVC pipes, both the linear and exponential models had an error of c.a. 20% in 4" elements. 
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However, for the failures in joints of 2" and 3 "elements, the values increased for both models, 
being in the inaccurate forecast range. 
iv) In both the annual and total projections for the 2014-2019 period for joint failures, the range 
of error variation was higher, reaching values of 100% in PE for all diameters. 
v) For the sum of the projected failures in the 2014-2019 period, the exponential model yielded 
the lowest error values for failures in 2" and 3" PVC pipes, with values of 21% and 49%, 
respectively. On the other hand, for pipes of the same material in 4" diameter, the linear 
model had the lowest value, with a MAPE of 24%, locating in the high precision range. 
vi) The errors obtained for AC pipes remained between 35% and 91%. In the total projection for 
2014-2019 in 2" - 8" pipe failures, the error was 17%. The error for 3" elements was between 
35% and 48%, in all cases. 
Finally, the linear model presented by Kettler and Goulter (1985) and the exponential model by 
Shamir and Howard (1979) tended to underestimate the number of failures in the validation period, 
except for the 90- and 110-mm partitions in PE and the AC elements in the exponential model, where 
the projections were above the observed values. 
4.6.6 Discussion 
The following discussion is based on the information provided by Aguas de Manizales and the 
application of the deterministic linear model developed by Kettler and Goulter (1985), and the 
exponential model proposed by Shamir and Howard (1979). 
i) The availability of failure records for pipes with a diameter equal to and greater than 4" is 
limited. It means that both deterministic models were applied on elements with a diameter 
equal to or less than this value. 
ii) Larger pipes, whose failure impact can be significant in terms of the number of disconnected 
customers, volume of water losses, possible damage to third parties, and others, were not 
statistically representative. The low number of events registered in these elements does not 
allow their statistical analysis or the adoption of failure rate values as a prediction element. 
This situation suggests that they are not the centre of the problem in the analysed water 
distribution system. 
iii) According to Soto-Bravo et al. (2019), the magnitude of R2 does not necessarily reflect 
whether the simulated data adequately represents observed data since it is not consistently 
related to the accuracy of the prediction but instead to the fit of the linear regression that 
best represents the set of points. According to Zangenehmadar (2011), due to its simplicity of 
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calculation, the mean absolute percentage error - MAPE, has become one of the most used 
indicators to evaluate the precision of a model. The lower the MAPE, the better the fit of the 
simulated data to records. Accordingly, the mean absolute percentage error was the adopted 
criteria to validate the fit of both models to the observed data. 
iv) The two models showed particularities in the analysis of the AC elements. The linear model 
did not apply to this material since the available information indicates a decrease of the failure 
rate with age, resulting in negative values for the k0 parameter. For the reasons stated, the 
Kettler and Goulter model is not applicable for the available records of asbestos-cement pipes. 
v) For the AC elements, the exponential model of Shamir and Howard yielded negative values 
for the failure rate growth coefficient, A, between -0.039 and -0.01. These values are possible 
in this model, unlike the linear one, since its formulation is based on a known positive rate 
that enables the failure rate to decrease with age, possibly remaining higher than zero. 
vi) This result is contrary to the Davies curve theory, which states that as pipes age, they enter a 
wear-out phase where the failure rate increases. It may be because the weakest pipes that 
have already failed and been replaced are not considered in the analysis. The survival pipes 
are those that have proven to be more resistant. Despite the results obtained, the models' 
low adjustment values to the observed data and the low number of records do not allow 
rejecting the hypothesis that the elements deteriorate as they age. 
vii) The above results infer that there is a data censoring in the AC elements that extends to the 
other materials and that it is not associated with the analysis period, as outlined in Figure 3-3, 
but rather with the elimination of particular records, in this case, those associated with 
replaced items. It is therefore desirable to have a greater volume of historical information 
from records for failure analysis. 
viii) Through an analysis carried out on AC pipes in Thailand with mean pressure values between 
29 and 43 psi, useful life periods were estimated as pessimistic, expected and optimistic for 
different diameters (Punurai and Davis, 2017). The results yielded values of between 12 and 
32 years for 8" diameter pipes, between 44 and 89 for 12" pipes, and between 77 and 116 
years for 20" pipes, which means that it may be correct to propose preventive tactics mainly 
in older and larger diameter pipes. 
ix) In the case of PVC elements, the MAPE results in the linear model reflected that, for most of 
the pipes, the forecast for the analysed cohorts is inaccurate, or reasonable to the limit of 
inaccurate. 
80 Evaluation of infrastructure asset management tools for water distribution  
networks in the context of water utilities in Colombia 
 
x) In general terms, the failure rates calculated by both models for pipes with a diameter less 
than 2" and 63mm, PVC and PE respectively, are higher than those found in pipes with a 
greater diameter. This confirms the greater vulnerability to failures of smaller diameter pipes, 
which supports the conception of household connections as the weakest points of water 
supply networks (GIZ, 2011). 
xi) In the case of PE elements, apparently the exponential model of Shamir and Howard yielded 
fair MAPE results for 90- and 110-mm pipes, especially for the medium term (sum of failures 
in the period 2 014 - 2 019). However, it must be considered that these results were obtained 
from a low number of records, being unsafe to infer that the error remains constant for a 
larger population of elements. 
xii) It can be assumed that the favourability of one material over another in terms of failure rate 
can be associated with the diameter. PVC pipes up to 3" diameter showed lower failure rates, 
while in 4" diameter pipes PE showed a slightly lower rate. Given the low number of records 
for larger diameters, it has not been possible to validate this hypothesis. It could be an 
opportunity for further research in larger diameter pipes. 
xiii) The exponential models obtained for the three materials, AC, PVC and PE, have in common 
low values for the failure rate growth coefficient, A. It implies a slight variation in the number 
of breaks, and contrasts with the failure randomness during the pipes’ useful life (Dounce-
Villanueva 2006; Rajani 2004), leading to high error values. 
xiv) When evaluating the total of the failures projected for the validation period, the MAPE values 
were, in general, lower than the average of the errors calculated on the annual projections. It 
is inferred that the deterministic deterioration models used are not adequate to project 
failures in the short term 
xv) According to Folkman (2018) joint failures are not due to ageing and deterioration processes, 
but rather to constructive or handling aspects. Based on that assumption and considering the 
model's results, it can be inferred that deterioration models do not characterize joint failures. 
xvi) On the other hand, deterioration models seek to represent the wear-out phase of assets (third 
phase of the Davies curve). Given the low values of MAPE and the lifespan of plastic pipes 
between 50 and 100 years (Plastics Pipe Institute 2009), it can be concluded that the plastic 
pipes analysed are in the second phase defined by the Davies curve. Therefore, failures are 
not related to ageing and deterioration processes. In this sense, none of the two models is 
appropriate to represent the failure behaviour during the useful life of pipes. 
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xvii) Additionally, it is worth noting that deterioration models have been applied in areas where 
metallic pipes prevail in volume. These pipes are susceptible to corrosion, which accelerates 
their deterioration, and that is related to the soil composition, the thickness of the pipe wall, 
among other factors. For this reason, it is observed that some of the consulted models include 
aspects such as soil pH, resistivity, redox potential, and others, within their covariates. Plastic 
pipes are resistant to corrosion and most chemical agents, thus eliminating the assumption of 
accelerated ageing processes related to the conditions of the environment. 
xviii) The failure rates were compared with results of the case studies cited in Table 3 2. For the 
case of PE, the average rate for the set of elements was higher than the reference values. 
However, when recalculating the failure rate for PE excluding the pipes installed in 2000, 
which show the highest failure frequencies, an average rate of 0.195 failures/km x year is 
obtained, which is consistent with the literature referred values. Consistently with the values 
reported by the sources cited in Table 3-2, PVC pipes showed the lowest failure rates for 
diameters smaller than 2", and higher rates than PE for larger diameters. 
xix) The failure rates found for each diameter are significantly different from the average rates 
indicated in Table 3.2, because the global evaluation by material leads to an increase in 
lengths per age group, in a higher proportion to as failure records increase. Pipes of different 
diameters have different failure behaviour due to wall thickness and moment of inertia (Gorji 
et al. 2005).Therefore, evaluating each material by diameter partitions is more representative 
than a global evaluation. 
 
In summary: 
i) The applied linear and exponential time models do not adequately represent the behaviour 
of the observed faults. Proof of this is the error values obtained. 
ii) Deterministic deterioration models are not appropriate to represent the behaviour of failures 
during the useful life of pipes. Its effectiveness to represent the behaviour of plastic pipes 
(PVC and PE) is questioned, given that they are not susceptible to accelerated deterioration 
processes associated with environmental conditions. 
iii) The Kettler and Goulter linear model had no applicability to the available AC records. There is 
strong random censorship in the failure records in this material, which reduces reliability to 
the analysis. We speak of random censorship given that it is not fixed by the time window of 
failure registration, but by the elimination of specific data, such as those failures associated 
with replaced pipes. 
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iv) The high frequency of failures in joints suggests the need to guarantee the quality of the 
procedures and skills associated with best construction practices, as a preventive strategy in 
new elements installation. The operational and supervisory personnel is responsible for 
activities concerning to execution and validation of fieldwork. In contrast, the asset 
management personnel are responsible for the development and implementation of 
medium-term tactics. 
v) Plastic pipes are currently within their useful life phase and have not yet entered the wear-
out phase. It is consistent with the assets age, their life expectancy and their low vulnerability 
to accelerated deterioration processes caused by environmental factors. It is not appropriate 
to conclude in this regard on asbestos-cement pipes since the individual assets on which the 
analysis is based are those that have shown better performance and therefore have survived 
replacement processes, not being representative of the generality of the material. 
vi) When comparing PVC and PE for diameters of up to 3" or equivalent, the lowest failure rates 
in pipes were found in PVC, while in diameters of 4" or 110 mm the lowest values 
corresponded to PE. It may indicate that there is a diameter that forms a turning point in the 
behaviour of these two materials, where PE is no longer the most susceptible to failure when 
compared to PVC. 
vii) The failure rates calculated for AC, PE and PVC pipes are similar and even low when compared 
to reference values published in other case studies. 




5. IAM tactics proposal for the case study 
The scope of this chapter is to provide IAM recommendations for the Manizales' water distribution 
network and propose a methodology that can be implemented by the utility. 
 
The proposed tactics are based on the literature review presented in chapters 1 and 3, on the result 
of the failure characterization, the application of deterministic models, the discussion raised in 
chapter 4, and on the interpretation of the local context. 
 
These tactics are oriented towards a key performance indicators baseline definition, the build-up of 
competencies in the technical staff, the strengthening of preventive and corrective infrastructure 
management practices, the investigation of the cause of failures, information management, and 
detailed evaluation of clusters and interest groups. They are presented in detail below. 
5.1 Proposed methodology 
Figure 5-1 graphically presents the proposed methodology for the development of the eight 
identified asset management tactics. 
 
This methodology bases on the definition of Key Performance Indicators (KPI). KPI are the basis of 
assessment and diagnosis, plus a reference point for a systematic comparison of the evaluation of 
the proposed tactics results. 
 
These tactics are developed from two perspectives: strengthening skills and information 
management. The first supports the development of preventive and corrective approaches for the 
water network assets management. The second is necessary to perform a detailed analysis of assets 
at the level of clusters and interest groups, which allows prioritizing elements to be renewed or 
managed in a particular way. 
 
Failure causes investigation is supported by both perspectives and is therefore shown in Figure 5-1 
across them. The identification of failure modes and factors that contribute to their appearance 
requires the operational staff to acquire knowledge and competencies, allowing a process free of 
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subjectivities. Likewise, it requires the information collected at the operational level to be managed 
appropriately and used to determine the root causes of pipeline failures. 
 
Figure 5-1: Proposed Asset Management methodology and tactics. 
Source: Author 
 
Table 5-1 concisely describes the proposed tactics. A more detailed explanation of them is 
presented in the following paragraphs. 
 
Table 5-1: Methodological description of the proposed IAM tactics  
No. Tactics Description 




- Failure rates 
- Non-Revenue Water 
- Service continuity 
- Average operating pressure 
- Corrective maintenance costs 
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Table 5-1: (Continuation) 
No. Tactics Description 
2 Strengthening of 
skills 
- Knowledge baseline diagnosis concerning: construction methods, assets 
installation, system operation, identification of failure modes 
- Involve suppliers of different types of assets for training sessions 
- Skills assessment 
- Development of internal procedures and service standards, for company 
staff and contractors 
- Verification of compliance with established service procedures and 
standards. 
- Monitoring of key performance indicators defined in (1) and re-evaluation 




(Prerequisite: skills strengthening)  
- Creation of procedures/manuals/technical standards for installation 
processes and supervision of pipes and complementary elements 
installation. 
- Assessment of equipment and tools used in construction and installation 
processes. 
- Corrective actions to improve equipment and tools 
- Training of technical staff on the application of manuals / technical 
standards for installation and supervision processes assets installation. 
- Socialization to contractors of installation and supervision manuals and 
technical standards for assets installation. 
- Supervision of asset installation activities and construction processes 
 
- Creation of operating procedures / manuals  
- Definition of maximum expected pressure values in DMA (operating 
thresholds associated with the assets characteristics / law requirements) 
- Instrumentation for real-time pressure monitoring 
- Alarms for pressure control 
- Tactics implementation 
- Monitoring of key performance indicators defined in (1) and re-evaluation 




(Prerequisite: skills strengthening)  
- Creation of procedures / manuals / technical standards for pipe and 
complementary elements repairs. 
- Assessment of equipment and tools used in construction and installation 
processes. 
- Corrective actions to improve equipment and tools 
- Supervision of repair processes 
- Monitoring of key performance indicators defined in 0 
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Table 5-1: (Continuation) 
No. Tactics Description 
5 Investigation of 
causes of failure 
(Prerequisite: skills strengthening and information management)  
- Identification of failure modes according to material, potential contributing 
factors related to environment, installation, operation, deterioration. 
- Creation of internal procedures for failures assessment and gathering 
information mechanisms, identification of failure modes, reporting to GIS 
and sampling of failed elements. 
- Inclusion of attributes for failure modes, contributing factors, into the GIS 
- Collection and reporting of failure information 
- Constant update of fault information data 
- Creation of protocols for element sampling and condition analysis 
- Pipes and complementary assets sampling 
- Condition assessment by conducting opportunistic or non-intrusive tests 
- Definition of tactics according to the causes of failures 
- Implementation of tactics 
- Monitoring of KPI defined in (1) and re-evaluation of tactics necessary 
6 Information 
management 
- Software architecture assessment and adjustment to maintain information 
about replaced assets  
- Information on covariates that may be related to failures 
7 Cluster evaluation (Prerequisite: information management) 
- Identification of clusters of failures in the water distribution networks 
- Delimitation of areas of interest 
- Assessment of local conditions potentially contributing to failure 
- Proposal of alternatives: repair, renewal, sectorized renovation, etc. 
- Evaluation of alternatives. including comparative analysis of accumulated 
repair costs versus renovation costs. 
- Tactics definitions for clusters 
- Implementation of tactics 
- Monitoring of KPI defined in (1) and re-evaluation of tactics necessary 
8 Interest groups 
evaluation 
(Prerequisite: information management) 
- Identification of interest groups: material, age, location, diameter and 
pressure zones. 
- Definition of asset management tactics as appropriate. 
- Implementation of tactics 
- Monitoring of KPI defined in (1) and re-evaluation of tactics necessary 
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5.2 Baseline definition 
The baseline is the starting point of any intervention. It is built from indicators that define the ex-
ante situation, to be later compared with the results obtained at any time during the intervention, 
and identify whether the measures adopted have yielded the expected results. The definition of key 
performance indicators is an action that takes place at the tactical planning level. 
 
It is recommended to establish the baseline on the following key performance indicators: 
▪ Failure rate, measured as No. of failures / (km * UT). 
▪ Corrective maintenance costs in water networks (mill. COP / TU) 
▪ Technical water losses, measured as m3 / TU. 
▪ Service continuity, measured as hours of discontinuity / (connection * UT) 
 
The last two indicators are currently being calculated periodically by the water utility. The continuity 
indicator is part of the goals defined by current regulations. The water loss indicator recommended 
in this case refers only to technical losses, contrary to what is dictated by Resolution CRA 688 of 
2014, which establishes the water loss goal according to the IPUF (Loss Index per Billed User). This 
normative indicator includes technical and commercial losses. The company obtains the volume of 
technical losses by periodically calculating the water balance in the aqueduct system. 
5.3 Skills strengthening  
As mentioned in the discussion raised in 4.5.3, the concentration of failures in joints is an indicator 
of construction problems. Therefore, skills strengthening is proposed as a primary tactic, once the 
baseline has been established, since the following tactics base on n it. 
 
Skills strengthening is part of the scope of the operational level in an asset management process 
(see 1.2.3). Following ISO 55000 (2014), the human resources area is fundamental in the 
development of competency models and training programs for the general asset management 
process. 
 
The proposed approach focuses on the installation of assets (pipes and complementary elements), 
construction processes associated with installation, such as excavations and compacted fills, pipe 
foundations, operation of water systems, with a particular emphasis on the identification of failure 
modes and mechanisms. Subsequently, it focuses on information gathering and data reporting to 
the tactical level. 
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It is proposed to involve manufacturers and suppliers as a primary source of information, to define 
a baseline of knowledge about the topics to be discussed, and evaluate the skills acquired at the end 
of the training plan. These activities aim to confirm that the knowledge transfer has been effective 
and the staff has strengthened their skills in the matter. 
 
The stakeholders of this training program correspond to the operational level: field, supervisory and 
professional staff. 
 
Once the knowledge has been reinforced, it must be documented. Documentation of internal 
procedures and service standards for contractors and third parties that may be involved in asset 
installation, repair or rehabilitation activities is part of the standardization process. Acceptability 
criteria must also be established, which must be followed by internal supervisory personnel and 
external auditing personnel. 
5.4 Preventive management 
Plastic pipes (PVC and polyethylene) are considered inert, and therefore, they do not easily suffer 
deterioration processes associated with the chemical conditions of their environment. The factors 
that influence failures are mainly of three types: 
i) External factors such as damages caused by third parties, over which there is no significant 
control 
ii) Failures due to operating conditions that exceed the design conditions of the pipeline 
iii) Failures due to improper installation practices 
 
Together with these factors, deterioration processes associated with corrosion or weakening of the 
material are contributors to the appearance of failures in other materials, such as asbestos-cement 
pipes. 
 
The scope of preventive management is detailed below in the two factors that are within the direct 
scope of the water utility: 
 
i) Operational failures: 
Operational failures refer to situations that exceed the design conditions and that are 
frequently associated with transitory phenomena, the inclusion of air into the pipes, 
obstructions triggered by water quality, and so forth. Manuals or procedures for the system 
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operation and the training of staff on their use prevents the occurrence of these events and 
consequently reduces the risk of failure. 
 
Within the operation manuals, the identification of thresholds associated with low and high-
pressure values according to regulatory requirements or assets characteristics (pipe class, 
nominal pressure, etc.), and on their location (DMA, pressure zones, risk zones), serves as a 
support for making operational decisions. It is possible as long as the variations in pressure at 
critical points are monitored in real-time. It can be achieved through instrumentation and data 
transmission to a control centre where alarms are set to detect unwanted conditions that may 
lead to assets failure or may affect the system performance. 
 
ii) Failures associated with inappropriate practices: 
Bad practices of handling and installation of new elements are prevented through the skills 
strengthening the operational and supervisory staff. It implies adequate procedures for 
storage, transportation and handling of assets, adequate foundations, installation of pipes 
following manufacturers' recommendations, compaction of the soil to avoid terrain 
movements and consolidation effects that trigger problems of rotation, bending, tension and 
in general mismatch of joints, adequate thermo and electrofusion practices for PE elements, 
supervision protocols within the company and specific requirements for auditing in case of 
projects developed by external parties (Rajani and Kleiner 2001; Plastics Pipe Institute 2009; 
Pavco, 2013; PAVCO, 2017; Extrucol, nd). 
 
The tactical level plans the direction of preventive management as well as the strategies and 
mechanisms for collecting information. The operational level is responsible for quality assurance 
during system operation and intervention, as well as information gathering, which is reported back 
to the tactical level. 
5.5 Corrective management 
Failures in small diameter elements (2" or corresponding, and lower), despite their frequency, do 
not represent a high risk for the system. These small-diameter pipes are not associated with high 
consequences at the time of failure. Small breaks represent imperceptible or background leaks that 
are generally not associated with third-party damage, and if so, they do not represent an impact as 
high as failures in mains. Massive breaks in small diameter pipes give rise to visible leaks whose 
attention times are by definition shorter than non-visible leaks, and do not represent a high impact 
on water loss volume or number of disconnected customers (GIZ, 2011). According to Pathirana 
(2020), the most appropriate management strategy for low-risk elements is a corrective approach. 
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Corrective management consists of solving problems as they appear, for which not only prompt 
attention must be guaranteed, but also the quality of repairs, with the aim that secondary failures 
associated with previous events do not arise. It is justified for low-risk items, as long as there is no 
increase in the failure rate that indicates accelerated deterioration processes and while the 
accumulated costs of repairs are less than the costs of renovating the elements. 
 
Once the skills in operation and repair processes have been strengthened, it is necessary to have 
guiding documentation such as technical standards of processes, applicable to both company staff 
and external contractors that may eventually be in charge of repairs. 
 
For corrective management, the company must ensure that it has the necessary equipment and 
tools for the activities to be carried out, that they are in good condition and that the staff have the 
skills required for their use. 
 
The execution of corrective management is typical of the operational level. The impact of its results 
on KPI is monitored at the tactical level. 
5.6 Failure causes investigation 
Seeking to identify the cause of failures at the time of repair without detailing how they occur and 
what the environmental conditions are, can lead to hasty conclusions that deviate from the real 
cause. On the contrary, an accurate description of failure modes, the specific location of breaks, the 
conditions of the surroundings, installation and operation conditions, and the description of 
deterioration processes, make it easier to identify the failure root cause. 
 
Additionally, the failure cause investigation results will depend on the quality of the information 
gathered, and it will depend on the staff technical skills, and the availability and correct application 
of procedures for gathering and reporting information. Once the reporting methodology is defined, 
it is necessary to train operational personnel in its use. Likewise, the architecture of the GIS must be 
adjusted and parameterized to include new information, in addition to defining the protocols that 
guarantee the constant updating of data. 
 
On the other hand, Sampling of failed elements or elements that due to their age or other criteria 
may be of interest for physical tests can contribute to not only the identification of the causes of 
failure but also the assets condition assessment. As an example, phenolphthalein test to determine 
wear or corrosion in AC pipes (Punurai and Davis, 2017; Thomson and Royer, 2013). 
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5.7 Information management 
Maintaining historical information of replaced assets requires rethinking the architecture of the GIS. 
It is essential to maintain independence between the existing infrastructure and the substituted 
assets, ensuring that the historical information transcends infrastructure renovation processes. 
 
Additionally, it is also advisable to complete the information corresponding to covariates that may 
be related to failure processes. Some of them are the installation depth of assets, type of surface, 
traffic characteristics, pipe class, operating pressure, and so forth. Although these fields exist in the 
GIS, only some elements have complete information. 
 
On the other hand, the costs associated with corrective maintenance can be estimated from the 
identification of the duration of attending failures; that is, assignment time, transport times, 
effective work, and others, along with the cost of water losses and potential direct and indirect 
impacts of bursts. The reduction of total repair costs is expected to be a positive effect of the 
application of the tactics described in the previous paragraphs, making it essential to monitor this 
data periodically. 
 
As mentioned in the literature review, the quality and quantity of information are the basis for IAM. 
The current availability of information technologies and systems facilitates information flows at all 
levels of an organization. Their implementation and use become a necessity for every water utility. 
5.8 Clusters evaluation 
Cluster evaluation consists of identifying areas of high failures concentration, where there might be 
conditions that trigger the appearance of failures, and where it is convenient to start a renovation 
process. The cluster evaluation bases on the GIS and historical and spatially referenced information 
of pipe breaks. Failures associated with assets that have been already removed expand the available 
inventory of records and give a better identification of clusters.  In critical areas, it might be proper 
to analyse whether the conditions that influenced past failures are still valid, or if the operation itself 
may cause failures.  
 
Once the clusters are delimited, it is essential to investigate the conditions that contributed to 
failures, such as installation depth, the average pressure and the type of surface (pedestrian zone, 
uncovered road, green area, pavement, etc.). According to the case, it may be preferable to choose 
sectorized renovation tactics, replacement or repair of specific elements. Decisions must be made 
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based on a cost/benefit analysis that considers the balance between the cost of successive repairs 
plus the impact of failures, and the cost of renovating the assets.  
5.9 Interest groups evaluation 
This tactic differs from cluster evaluation in that the interest groups do not necessarily share a 
location but do have common characteristics that support the grouping.  
 
AC pipes make a convenient example of interest groups assessment. The analysis made on AC pipes 
highlighted groups of assets whose failure behaviour could not be analysed due to the low number 
of previous failure records or their absence. According to their size, these assets are supposed to 
represent a high impact in case of failure and given their age, a detailed evaluation from a preventive 
perspective may be advisable to discard potential deterioration processes. Table 5-2 shows the 
interest groups identified for AC pipes, according to age and diameter.  
 
Table 5-2: Interest groups in AC pipes 
Diameter Length (m) Age 
8'' 127 > 65 years 
10'' 30 > 85 years 
12'' 620 > 65 years 
14'' 1,122 > 65 years 
16'' 12 > 75 years 
18'' 945 > 75 years 
          Source: Author 
  
Both cluster and interest groups evaluation are prioritization strategies and belong to the tactical 




6. Conclusions and recommendations 
This research aimed to create a reference document for water utilities in Colombia who wish to 
implement asset management processes consciously. The specific purpose was to apply IAM tools 
to the Manizales water distribution network, to characterize the behaviour of failures in pipes and 
identify tactics aimed at reducing the occurrence of breaks and the associated O&M costs. 
 
This chapter summarizes the findings of this research, identifies opportunities for further research 
on IAM in water utilities, and presents some recommendations for the Manizales' water utility. 
 
Three sub-chapters are proposed for a better organization. 
6.1 General aspects 
Asset management in a water company leads the infrastructure decisions to be based on explicit 
technical criteria and reproducible methodologies. It aims for a long-term balance between 
performance goals, risks associated with assets, and costs/revenues. 
 
Asset management highlights maintenance as a strategy to extend the service life of assets. 
Investments in preventive and predictive maintenance, which are commonly viewed by many water 
utilities as secondary, can make a difference in long-term costs. Delaying capital investments implies 
a reduction in the life cycle costs NPV, which is one of the strategic objectives of IAM. 
 
Six key steps of tactical IAM have been identified: 
i) Gathering information and knowledge of assets, as an essential starting point. 
ii) Asset condition assessment. 
iii) Deterioration modelling. 
iv) Risk assessment. 
v) Prioritization of assets, to be intervened 
vi) Identification of interventions, planning and solutions definition. 
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These six steps are based on the availability of technologies and information systems, as essential 
elements to support any IAM process and for technically based decisions-making. They are also 
framed within the guidelines of strategic management: organizational objectives, long-term goals, 
risk policy and financing. 
6.2 Evaluated water utilities  
Along with the evaluation carried out with AAR, a direct relationship was found between the ratings 
at the tactical and strategic levels and the utilities' number of customers. The best fit to a second-
degree polynomial function was evidenced for the tactical ratings. On the contrary, QSAM did not 
show a similar relationship. This situation can be explained given the emphasis of QSAM on the 
organizational scheme, according to ISO 55 000, which has not been implemented by the evaluated 
utilities. It also explains the low ratings on QSAM. 
 
For utilities where ISO 55 000 standards are not yet implemented, the evaluation mechanism 
indicated in AAR achieves an adequate level of detail in the identification of best practices related 
to the IAM. 
 
Evident and generalized weaknesses were detected regarding assets information, which is 
considered the basis of IAM. The absence, in the majority of cases, of detailed asset registry and the 
outdated information available, implies the need to invest not only in data complementation but 
also to create a sense of urgency concerning information gathering. A starting point is to identify the 
required data for each type of assets, the gathering methodology and the training of the staff that 
will be charged with this task. 
 
Likewise, it was detected that, in most of the utilities, decisions about infrastructure renewal and 
maintenance activities do not respond to explicit technical criteria, nor do they incorporate asset 
risk assessment. There is an opportunity to reduce infrastructure life-cycle costs. 
 
Concerning the assets life cycle, there is a potential to extend the service life of assets through 
preventive maintenance. Maintenance actions are mostly corrective, and even so, it is not a common 




6.3 Case study 
The conclusions of the research made on the Manizales' water distribution network are presented 
from four perspectives: research approach, failure database, deterioration models and other 
findings related to failure rates. 
 
▪ Research approach 
As the research started, it was presumed to find numerical representativeness in the number of 
failures in elements with a diameter larger than 8", in order to prioritize the renewal of assets that 
could represent a high risk of failure.  
 
The results indicated low vulnerability of large-sized pipes, and high susceptibility to failure for 2" 
and smaller pipes, which do not imply a considerable risk for the service continuity, the 
infrastructure or third parties. 
 
From the above, it was determined that IAM tactics should focus on preventing new failures from 
the installation of the pipes, and on effectively and efficiently correcting breaks when they occur. 
For these purposes, the skills strengthening and generation of technical competencies at the 
operational level was proposed. The importance of investigating the causes of failures as they arise 
and the need to maintain historical information on failures that occurred in renovated assets was 
also stated, in order to expand the representativeness of the data used to characterize the failure 
rate in pipes 
 
▪ Failure database 
The available information about the assets and their failure history demonstrates the application of 
best practices at Aguas de Manizales. Out of the sample of water utilities, this is the one with the 
most complete, reliable and up-to-date asset registry, and also the only one that temporarily and 
spatially records the failures that occur in the water network. The availability of this information 
made the analysis of failure rates possible. 
 
From the historical failure records, some aspects were identified that might impact the deterioration 
analysis and the results of the pipe failure rate. 
i) Some of the old assets do not have an accurate record of their installation date. In some cases, 
the allocation of dates based on secondary information, which results in inaccuracy at the 
moment of calculating the age of pipes. This situation means that the length and the number 
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of failures per year used in the failure rate calculation can be assigned to age groups that do 
not correspond. 
ii) Some of the old assets do not have an accurate record of their installation date. In some cases, 
the allocation of dates based on secondary information, which results in inaccuracy at the 
moment of calculating the age of pipes. This situation means that the length and the number 
of failures per year used in the failure rate calculation can be assigned to age groups that do 
not correspond. 
iii) The failure information is censored, given the elimination of records associated with assets 
that have been replaced or dismantled. 
iv) The current parameterization of failure causes implies subjectivity when assigned by the 
reporting staff. Objective descriptions about the physical characteristics of failures, 
environmental conditions and relative failure location in the asset, make it easier to identify 
the failure mechanisms more accurately. 
v) The pipe database includes fields for installation depth and type of surface. This information 
is not available for all assets. These data can be used as covariates for further research. 
 
▪ Deterministic deterioration models  
The linear model proposed by Kettler and Goulter (1985) showed slightly better adjustment values 
for plastic pipes and diameters up to 3" when compared to the exponential time model presented 
by Shamir and Howard (1979). The indicator used to evaluate the models' goodness of fit was MAPE 
(Mean Absolute Percentage Error), as it is considered to reflect the representativeness of the 
simulated and observed data adequately. 
 
Despite the above, it was concluded that the deterministic linear and exponential models used are 
not representative of the behaviour of failures in the PE, PVC and AC pipes of Manizales and 
therefore are not appropriate to project the number of future failures. These models are intended 
to characterize the failures in the wear-out or deterioration phase. 
 
For plastic pipes, it was concluded that they do not present deterioration patterns that indicate to 
have entered the wear-out phase. On the contrary, it is understood that they are within their service 
life phase, which is consistent with the range of ages found and the useful life expectancy indicated 




For plastic pipes, it was concluded that they do not present deterioration patterns that indicate to 
have entered the wear-out phase. On the contrary, it is understood that they are within their service 
life phase, which is consistent with the range of ages found and the useful life expectancy indicated 
by manufacturers of these pipes. 
 
For AC pipes, the censorship mentioned above affects the availability of information. It was found 
to be not representative of the material behaviour. The failure rate decreases as pipes age, which is 
contrary to the deterioration theory indicated in the Davies curve and recognized by several authors. 
However, these results are not conclusive, given that some records excluded from the analysis, could 
contribute to the failure characterization in this material. Due to the nature of the observed failure 
rate behaviour from the available records, the linear model of Kettler and Goulter was not applicable 
for AC pipes. 
 
▪ Findings related to failure rate 
It has been verified that the failure rate is inversely related to the pipe diameter: as the diameter 
increases, the frequency of failures decreases. Risks associated with a low probability of occurrence 
and mild consequences imply corrective actions such as those outlined in chapter 5. 
 
The highest failure frequencies are related to pipes smaller than 2" diameter. These pipes represent 
low impacts in the event of failure; therefore, they require corrective actions in which the quality of 
the repairs must be guaranteed to avoid secondary failures. Many of them have been installed 
superficially and under green areas or pedestrian paths, in which live loads can have a high impact 
on the appearance of failures. Subsequently, it is valid to review the pipe installation criteria. 
 
On average, 61% of failure records are associated with joints. This type of failure is not related to 
material deterioration processes, but mostly to factors associated with construction processes, 
installation practices, inadequate foundations, ground movements, etc. Within the management 
tactics, the skills strengthening and the definition of best practices were proposed, both for the 
company's staff and for external contractors in charge of these activities. The approach proposed in 
this case is preventive and should be a priority for the company. 
 
The failure rate was evaluated for the entire set of asbestos-cement pipes, in addition to the 
partitions by diameter. Unlike plastic pipes, AC shows an increase in the failure rate with time, which 
infers deterioration processes associated with ageing. 
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6.4 Further research  
This research opens a potential investigation of the behaviour of plastic pipes. The results showed 
that in diameters less than 4”, PVC elements have lower failure frequencies than PE elements. From 
that diameter onwards, the failure rate values are inverted, showing better behaviour for PE pipes. 
The scarcity of data and the absence of additional information do not allow to conclude in this 
regard. However, it may be useful for the design criteria definition process in water utilities to 
correlate the frequency of failures with the inertia moment of pipes, the wall thickness and the 
working pressure. 
 
Aguas de Manizales have gradually renewed the asbestos-cement pipes. The information concerning 
remaining assets did not allow an adequate characterization of the failure rate at different ages, 
since it reflects those elements that have survived renovation processes and therefore have shown 
the best performance. A specific analysis, including information of removed and existing assets, 
could be more conclusive. 
 
Additionally, regarding AC pipes, it is possible to implement non-intrusive techniques for assessing 
their condition and monitoring antique assets that involve higher failure impact (large diameters). 
Also, opportunistic sampling and application of wear-out tests can give clear indications of the assets 
structural condition to correlate it with age or other covariates. Opportunistic samples are those 
that are obtained at the time of intervention, repair or replacement of an element. 
 
Deterministic deterioration models were not representative of failures in plastic pipes. It was 
concluded that the pipes of the Manizales water distribution network are in their service life stage 
and have not yet started their wear-out stage. Different probabilistic models have been used by a 
variety of authors to analyse the behaviour of pipes in the event of faults. A potential investigation 
is the applicability of probabilistic models to the appearance of failures in plastic pipes, as is the case 
of those found in Manizales. In this case, it is recommended to enrich the historical records of pipes 
whose failure impact is representative and to exclude from the analysis pipes with a diameter less 
than the minimum indicated by current regulations. In this regard, resolution 330 of 2017 defines 
the minimum internal diameter for urban networks at 75 mm and 50 mm for rural networks. 
 
IAM includes the evaluation of life-cycle costs: CAPEX and OPEX. The comparative analysis of costs 
related to asset renovation versus the sum of O&M costs, allow identifying the ideal moment for 
investments in renewal. This investigation would require gathering information about operating 
costs associated with repair materials, service times, personnel costs, transportation, equipment 
and tools; in addition to the cost of water losses due to leaks. 
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6.5 Recommendations for the water utility 
i) When an asset is replaced, the old element is eliminated from the GIS along with its failure 
records. It is recommended that the company recover from previous backup copies the 
information of the assets that have been replaced, both their characteristics and failure 
history. This information is vital to achieving higher representativeness for statistical analysis. 
 
ii) Identifying the causes of pipeline failures constitutes a potential point of interest for further 
investigations. Incorporating the description of failure modes and environmental conditions 
into the current reporting procedure can facilitate the objective identification of primary 
causes of failures. Accordingly, it is convenient to parameterize the data inputs in terms of the 
relative location of failures, their physical characteristics and the description of surrounding 
conditions that may be indicative of the failure mechanism. 
 
iii) It is advisable to identify the operational costs associated with failure attention within the 
corrective maintenance costs. Currently, repair costs are estimated when they may be 
charged to customers, but the economic impact that failures have in the company is unknown. 
This data can be necessary for the definition of IAM tactics focused on improving the utility's 
efficiency and thus reducing operating costs. 
 
iv) It may be convenient to analyse the favourability of installing a specific material according to 
the pipe diameter and the estimated failure rate. The research results infer that there may be 
a diameter that is a turning point from which it is more convenient to use one material instead 
of others. Conclusions obtained from research in this regard can be the support of guidelines 















Abuzayan, Kayis M.A., Andrew Whyte, and Joyce Bell. 2014. «Asset-management framework(s) for 
infrastructure facilities in adverse (post-conflict/disaster-zone/high-alert) conditions». 
Procedia Economics and Finance 18(September): 304-11. http://dx.doi.org/10.1016/S2212-
5671(14)00944-7. 
Aguas de Manizales S.A. E.S.P. 2017. «Evaluación del riesgo para el sistema de acueducto y 
alcantarillado de Aguas de Manizales S.A E.S.P». 
http://www.corpocaldas.gov.co/publicaciones/1599/2019-03-22/12-GestiondelRiesgo-
AguasdeManizales-DarioAMartinez.pdf. 
———. 2019. Informe de Gestión Sostenible 2019. 
https://www.aguasdemanizales.com.co/Portals/Aguas2016/RendicionCuentas/Informes/Info
rme de gestión 2019 LIVIANO.pdf?ver=2020-04-15-112319-473. 
Ahn, J. C., S. W. Lee, G. S. Lee, and J. Y. Koo. 2005. «Predicting water pipe breaks using neural 
network». Water Science and Technology: Water Supply 5(3-4): 159-72. 
Alegre, Helena, and Sérgio T Coelho. 2012. «Infrastructure Asset Management of Urban Water 
Systems». In Water Supply System Analysis, IntechOpen, 49-73. 
Alegre, Helena, Sérgio T Coelho, Diogo Vitorino, and Dídia Covas. 2016. «Infrastructure asset 
management-the TRUST approach and professional tools». Water Science and Technology: 
Water Supply 16(4): 1122-31. 
Alvisi, Stefano, Marco Franchini, and Alberto Marinelli. 2007. «A short-term, pattern-based model 
for water-demand forecasting». Journal of Hydroinformatics 9(1): 39-50. 
Amadi-Echendu, Joe E., Kerry Brown, Roger Willet, and Joseph Mathew. 2012. Definitions, 
Concepts and Scope of Engineering Asset Management. ed. Springer-Verlag. 
Asian Development Bank. 2013. Water Utility Asset Management: A Guide for Development 
Practitioners. Mandaluyong City, Philippines. 
Balzer, Gerd, and Christian Schorn. 2015. Asset Management for Infrastructure Systems. Energy 
and Water. Springer International Publishing Switzerland. 
Bartkiewicz, E., and I. Zimoch. 2018. «Analysis of the risk of pipe breaks based on hydraulic model». 
Safety and Reliability - Safe Societies in a Changing World - Proceedings of the 28th 
International European Safety and Reliability Conference, ESREL 2018: 1511-16. 
Berardi, Luigi, Orazio Giustolisi, Zoran Kapelan, and Dragan Savic. 2008. «Development of pipe 
deterioration models for water distribution systems using EPR». Journal of Hydroinformatics 
10(2): 113-26. 
Borniquel Baró, Montserrat. 2009. «Asset Management en abastecimiento y saneamiento de 
Bibliography 101 
 
aguas». Universitat Politécnica de Catalunya. 
Brighu, Urmila. 2008. PhD Cranfield University «Asset management in urban water utilities: Case 
study in India». http://hdl.handle.net/1826/4420. 
Brown, Richard E., and Bruce G. Humphrey. 2005. «Asset Management for Transmission and 
Distribution». IEEE power & energy magazine (may/june): 39-45. 
Burns, Penny, David Hope, and Jeff Roorda. 1999. «Managing infrastructure for the next 
generation». Automation in Construction 8 8: 689-703. 
Byrne, R., R. Edwards, and J. Wilson. 2003. «Asset management benchmarking to deliver 
sustainable improvements». Water 21: 1-49. 
Cabrera Jr., Enrique, Peter Dane, Scott Haskins, and Heimo Theuretzbacher-Fritz. 2011. 
Benchmarking para servicios de agua. IWA Publishing, AWWA, UPV. 
Clark, R. M., C. L. Stafford, and J. A. Goodrich. 1982. «Water distribution systems: a spatial and cost 
evaluation. » Journal of the Water Resources Planning & Management Division, ASCE, 
108(WR3): 243-56. 
Comisión de Regulación de Agua Potable y Saneamiento Básico. 2014. Resolución CRA 688 de 
2014. Colombia. 
Congreso de Colombia. 1994. Ley 142 de 1994. 
Dandy, Graeme C., and Mark Engelhardt. 2006. «Multi-objective trade-offs between cost and 
reliability in the replacement of water mains». Journal of Water Resources Planning and 
Management 132(2): 79-88. 
Departamento Nacional de Estadística. DANE. 2019. Resultados Censo Nacional de Población y 
Vivienda 2018 - Manizales, Caldas. https://www.dane.gov.co/files/censo2018/informacion-
tecnica/presentaciones-territorio/190801-CNPV-presentacion-Caldas-Manizales.pdf. 
Department for Environment Food & Rural Affairs. 2020. «Discover water. Find out how water 
companies in England & Wales are performing». discoverwater.co.uk/loss-of-supply (23 of 
july 2020). 
Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ), and VAG-Armaturen GmbH. 2011. 
Guía para la reducción de las pérdidas de agua. 
Devera, Jan Carlo. 2013. California Polytechnic State University «Risk Assessment Model for Pipe 
Rehabilitation». 
Dounce-Villanueva, Enrique. 2006. Mantenimiento industrial. ed. Compañía Editorial Continental. 
México D.F. 
Eslambolchi, Seyed Safa, and Sunil K Sinha. 2006. Asset Management Primer Bridging the Gap: An 
Educational Primer on Sustainable Water Infrastructure Asset Management. 
Espín Leal, Pablo. 2014. «Gestión de activos. Sistema de gestión integral para empresas de 
abastecimiento de agua». 
Extrucol. «Manual de Instalación Tubería y Accesorios de polietileno y PEALPE para la conducción 
de gas». 
Farkas, Anca, Dorin Ciataras, and Brandussa Bocos. 2012. «Biofilms Impact on Drinking Water 
102 Evaluation of infrastructure asset management tools for water distribution  
networks in the context of water utilities in Colombia 
 
Quality». Ecological Water Quality - Water Treatment and Reuse (January): 141-60. 
Ferreira, Bruno, and Nelson J.G. Carriço. 2019. «Urban Water Infrastructure Asset Management 
Plan: Case Study». Open Engineering 9(1): 459-67. 
Folkman, Steven. 2018. «Water Main Break Rates in the USA and Canada: A Comprehensive 
Study». Mechanical and Aerospace Engineering Faculty Publications (March): 1-49. 
https://digitalcommons.usu.edu/mae_facpub/174. 
Friedl, F, and Daniela Fuchs-hanusch. 2011. «Risk assessment of transmission water mains to 
support efficient rehabilitation decisions». 
Geudens, P.J.J.G, and J. Grootveld. 2017. «Dutch Drinking Water Statistics 2017».: 1-130. 
GIZ. 2011. «Guidelines for Water Loss Reduction».: 236. 
González-Moscoso, Juan A. 2013. «Strategic Decision-Making in Asset Management: An Approach 
to Study Long-Term Strategic Decisions in Water Cycle Infrastructures». Delft University of 
Technology. 
Gorji, Mofid, M Mirsadeghi, and Vahid Ebrahimian. 2005. «Analysis of Pipe Breaks in Urban Water 
Distribution Network-Three Case Studies in». 2: 117-24. 
Guzmán, Blanca Lisseth, Gerardo Nava, and Paula Díaz. 2015. «La calidad del agua para consumo 
humano y su asociación con la morbimortalidad en Colombia, 2008-2012». Biomedica 35(3): 
177-90. 
Haidar, H, and P L E Gauffre. 2004. «Multi-criteria model for annual rehabilitation planning of 
water supply networks: sensitivity analysis and impacts of the quantity of data. » (March): 11-
14. 
Hu, Yafei, and D. W. Hubble. 2007. «Factors contributing to the failure of asbestos cement water 
mains». Canadian Journal of Civil Engineering 34(5): 608-21. 
«IBNET English | The International Benchmarking Network». http://www.ib-net.org/ (6 june of 
2020). 
ICONTEC - Instituto Colombiano de Normas Técnicas. 2015. NTC-ISO 55000:2015. Gestión de 
activos - Aspectos generales, principios y terminología. 
IDEAM. «Promedios climatológicos 1981 - 2010». http://www.ideam.gov.co/web/tiempo-y-
clima/clima (19 de septiembre de 2020). 
International Organization for Standardization. 2014. Norma ISO 55000. 
ISO. 2009. ISO 31000: Risk Management - Principles and guidelines. 
———. 2014. ISO 55000: Asset management - Overview, principles and terminology. 
Jamieson, Derek G., Uri Shamir, Fernando Martínez, and Marco Franchini. 2007. «Conceptual 
design of a generic, real-time, near-optimal control system for water-distribution networks». 
Journal of Hydroinformatics 9(1): 3-14. 
Jeffrey, Lisa A., and David H. Marks. 1985. «Predicting urban water distribution maintenance 
strategies: A case study of New Haven, Connecticut». Massachusetts Institute of Technology. 
Khan, Faisal I., and Mahmoud M. Haddara. 2003. «Risk-based maintenance (RBM): A quantitative 
Bibliography 103 
 
approach for maintenance/inspection scheduling and planning». Journal of Loss Prevention in 
the Process Industries 16(6): 561-73. 
Kleiner, Yehuda. 1997. «Water Distribution Network Skeletonization: Selection and Scheduling of 
Pipe Rehabilitation Alternatives». University of Toronto. 
———. 2020. «Lecture notes: Inspection economics and end of life – high consequence pipes. 
UNESCO-IHE Institute for Water Education». 
Kleiner, Yehuda, Amir Nafi, and Bogarapu Rajani. 2010. «Planning renewal of water mains while 
considering deterioration, economies of scale and adjacent infrastructure». Water Science 
and Technology: Water Supply 10(6): 897-906. 
Kleiner, Yehuda, and Balvant Rajani. 2001. «Comprehensive review of structural deterioration of 
water mains: statistical models». Urban Water 3(3): 131-50. 
———. 2002. «Forecasting variations and trends in water-main breaks». Journal of Infrastructure 
Systems 8(4): 122-31. 
Koronios, Andy, Abrar Haider, and Kristian Steenstrup. 2009. «Information and operational 
technologies Nexus for asset lifecycle management». En Engineering Asset Lifecycle 
Management - Proceedings of the 4th World Congress on Engineering Asset Management, 
WCEAM 2009, Springer-Verlag London Ltd, 112-19. 
Krause, Matthias et al. 2018. Banco Interamericano de Desarrollo AquaRating: Un estándar 
internacional para evaluar los servicios de agua y saneamiento. 
Li, Fengfeng, Lin Ma, Yong Sun, and Joseph Mathew. 2016. «Optimized Group Replacement 
Scheduling for Water Pipeline Network». Journal of Water Resources Planning and 
Management 142(1): 1-10. 
Liu, Zheng, and Yehuda Kleiner. 2013. «State of the art review of inspection technologies for 
condition assessment of water pipes». Measurement: Journal of the International 
Measurement Confederation 46(1): 1-15. 
MacKellar, S. 2006. «UKWIR National Mains Failure Database». International Conference of Plastic 
Pipes XIII. https://plasticpipe.org/pdf/ukwir-national-mains-failure-database.pdf. 
Malm, Annika et al. 2012. «Replacement predictions for drinking water networks through historical 
data». Water Research 46(7): 2149-58. 
Marlow, David, David J. Beale, and Stewart Burn. 2014. 2 Comprehensive Water Quality and 
Purification Sustainable Infrastructure Asset Management for Water Networks. Elsevier Ltd. 
http://dx.doi.org/10.1016/B978-0-12-382182-9.00040-2. 
Marlow, David, Magnus Moglia, and P Buckland. 2007. «Asset management for water 
infrastructure». Water asset management international, 3(1). 
Martínez, Fernando et al. 2007. «Optimizing the operation of the Valencia water-distribution 
network». Journal of Hydroinformatics 9(1): 65-78. 
Martins, André Damião. 2011. Stochastic models for prediction of pipe failures in water supply 
systems «Stochastic models for prediction of pipe failures in water supply systems». 
Universidade Técnica de Lisboa. 
https://fenix.tecnico.ulisboa.pt/downloadFile/395143446036/Tese_Andre_Martins.pdf. 
104 Evaluation of infrastructure asset management tools for water distribution  
networks in the context of water utilities in Colombia 
 
Mazumder, Ram K., Abdullahi M. Salman, Yue Li, and Xiong Yu. 2018. «Performance evaluation of 
water distribution systems and asset management». Journal of Infrastructure Systems 24(3). 
Ministerio de Vivienda Ciudad y Territorio. 2017. Resolución 330 de 2017. 
Ministerios de la Protección Social y de Ambiente Vivienda y Desarrollo Territorial. 2007. 
Resolución 2115 de 2007. Colombia. 
Montaño Moreno, Juan José, Alfonso Palmer Pol, Albert Sesé Abad, and Berta Cajal Blasco. 2013. 
«El índice R-MAPE como medida resistente del ajuste en la previsión». Psicothema 25(4): 
500-506. 
Nafi, Amir, and Yehuda Kleiner. 2010. «Scheduling Renewal of Water Pipes While Considering 
Adjacency of Infrastructure Works and Economies of Scale». Journal of water resources 
planning and management (September/October 2010): 519-30. 
National Research Council. 2003. «Deterioration and Inspection of Water Distribution Systems». 
(1.1): 24. 
Ogutu, Achieng G., Okuthe P. Kogeda, and Manoj Lall. 2018. «Classification of Water Pipeline 
Failure Consequence Index in High-Risk Zones: A Study of South African Dolomitic Land». 
Lecture Notes of the Institute for Computer Sciences, Social-Informatics and 
Telecommunications Engineering, LNICST 208: 155-64. 
Pathirana, Assela. 2010. «Lecture notes: Asset Management of Urban Water Infrastructure 
Systems». En Asset Management of Urban Water Infrastructure Systems, 
Pavco. 2013. «Manual Técnico Unión Platino». 53(9): 1689-99. 
———. 2017. «Manual Técnico Tubosistemas PEAD para Conducción de Agua Potable». 8(9): 1-58. 
Peters, Ralph W. 2015. Reliable Maintenance Planning, Estimating, and Scheduling. Elsevier. 
Plastics Pipe Institute. 2009. PPI TN-27 / 2009 Frequently Asked Questions HDPE Pipe for Water 
Distribution and Transmission Applications. https://plasticpipe.org/pdf/tn-27-faq-hdpe-water-
transmission.pdf. 
Punurai, Wonsiri, and Paul Davis. 2017. «Prediction of asbestos cement water pipe aging and pipe 
prioritization using Monte Carlo simulation». Engineering Journal 21(2): 1-13. 
Rajani, B, and Yehuda Kleiner. 2001. «Comprehensive review of structural deterioration of water 
mains: physically based models». Urban Water 3(3): 151-64. 
Rajani, Balvant, and Yehuda Kleiner. 2001. «Comprehensive review of structural deterioration of 
water mains: Physically based models». Urban Water 3(3): 151-64. 
Rajani, Bogarapu, and Yehuda Kleiner. 2004. «Non-destructive inspection techniques to determine 
structural distress indicators in water mains». Evaluation and Control of Water Loss in Urban 
Water Networks: 1-20. 
Rao, Zhengfu, and Fernando Alvarruiz. 2007. «Use of an artificial neural network to capture the 
domain knowledge of a conventional hydraulic simulation model». Journal of 
Hydroinformatics 9(1): 15-24. 
Raven, A. V. 2006. «An independent review of the EU-funded CARE-W programme». Water Asset 
Management International 2(2). 
Bibliography 105 
 
Rogers, Jeffrey W., and Garrick Louis. 2006. «A risk-based asset management tool for US drinking 
water infrastructure systems». Water Asset Management International 2(4): 4-11. 
Rogers, Peter D., and Neil S. Grigg. 2009. «Failure assessment modelling to prioritize water pipe 
renewal: Two case studies». Journal of Infrastructure Systems 15(3): 162-71. 
Røstum, Jon. 2000. Norwegian University of Science and Technology «Statistical Modelling of Pipe 
Failures in Water Networks». Norwegian University of Science and Technology. 
https://ntnuopen.ntnu.no/ntnu-
xmlui/bitstream/handle/11250/242082/125391_FULLTEXT01.pdf?sequence=1&isAllowed=y. 
Saldarriaga, Juan et al. 2010. «Renovación priorizada de redes de distribución utilizando el 
concepto de potencia unitaria». Revista de Ingeniería. Universidad de los Andes Enero-ju: 7-
15. 
Salomons, Elad et al. 2007. «Optimizing the operation of the Haifa-A water-distribution network». 
Journal of Hydroinformatics 9(1): 51-64. 
Scholten, Lisa et al. 2014. «Strategic rehabilitation planning of piped water networks using multi-
criteria decision analysis». Water Research 49: 124-43. 
http://dx.doi.org/10.1016/j.watres.2013.11.017. 
Schulting, F.L., and Helena Alegre. 2007. «Global developments of strategic asset management». 
En Proceedings of the IWA Leading Edge Conference on Strategic Asset Management 
(LESAM), Lisboa: IWA Publishing: London, UK, 13-29. 
Schultz, Alexander John. 2012. «The role of GIS in Asset Management: Integration at the Otay 
Water District». University of Southern California. 
Shamir, U., and C. D.D. Howard. 1979. «An analytic approach to scheduling pipe replacement. » 
Journal AWWA 71(5, May 1979): 248-58. 
Sharff, Phillip A., Simon C. Bellemare, and Lisa M. Witmer. 2011. «Building knowledge from failure 
analysis of plastic pipe and other hydraulic structures». Journal of ASTM International 8(3): 
229-51. 
Singh, Amarjit, and Xi Song. 2019. «Prioritization of pipeline replacement based on failure rate». 
ISEC 2019 - 10th International Structural Engineering and Construction Conference (2009): 1-
6. 
Sinha, Sunil K, and Leon F. Gay. 2014. 13 Water Environment Research Foundation WERF Water 
Infrastructure Asset Management Primer. IWA Publishing. 
Solano, Hernando. 2008. «Análisis de supervivencia en fiabilidad. Predicción en condiciones de alta 
censura y truncamiento: el caso de las redes de suministro de agua potable.» Universidad 
Politécnica de Valencia. https://riunet.upv.es/handle/10251/3792. 
Soppe, Gerhard, Nils Janson, and Scarlett Piantini. 2018. World Bank Group Water Utility 
Turnaround Framework: A Guide for Improving Performance. Washington DC. 
Soto-Bravo, Freddy, and María Isabel González-Lutz. 2019. «Análisis de métodos estadísticos para 
evaluar el desempeño de modelos de simulación en cultivos hortícolas». Agronomía 
Mesoamericana 30(2): 517-34. 
Stephenson, D. 2005. Water services management. First edit. ed. IWA Publishing. London, UK. 
106 Evaluation of infrastructure asset management tools for water distribution  
networks in the context of water utilities in Colombia 
 
Thomson, James, and Michael Royer. 2013. «Primer on Condition Curves for Water Mains. » 
(December). 
Too, Eric G. 2010. «A Framework for Strategic Infrastructure Asset Management». En Definitions, 
Concepts and Scope of Engineering Asset Management, Springer, 31-62. 
U.S. EPA. 2003. Strategic Planning: A Handbook for Small Water. ed. EPA - U.S. Environmental 
Protection Agency. 
Ugarelli, Rita et al. 2010. «Asset management for urban wastewater pipeline networks». Journal of 
Infrastructure Systems 16(2): 112-21. 
Ugarelli, Rita, and Stian Bruaset. 2010. 6 SINTEF Building and Infrastructure. Water and 
Environment Review of Deterioration Modelling Approaches for Ageing Infrastructure. 
Urquhart, Tony. 2014. «Asset Management Around the World – the Expertise of Australia/New 
Zealand, the UK and the US». Proceedings of the Water Environment Federation 2006(1): 41-
51. 
Urrea-Mallebrera, Mario, Luis Altarejos-García, Juan García-Bermejo, and Bartolomé Collado-
López. 2019. «Condition Assessment of Water Infrastructures: Application to Segura River 
Basin (Spain)». Water 11: 1-21. 
Vanier, D. J. 2001. «Asset management A to Z». En Innovations in Urban Infrastructure, 
Philadelphia: National Research Council Canada, 1-16. 
Vanier, D. J., and S. Rahman. 2004. «MIIP Report: A Primer on Municipal Infrastructure Asset 
Management». : 1-71. 
Venkatesh, Chandan. 2012. «Performance comparison of high-density polyethylene pipe (HDPE) in 
municipal water applications». University of Texas. 
Walski, Thomas M., and Anthony Pelliccia. 1982. «Economic Analysis of Water Main Breaks. » 
Journal / American Water Works Association 74(3): 140-47. 
Wang, Dayang, and Yinong Liu. 2012. «Evaluation of Abestos Cement Pipe Condition». En CEED 
Conference Proceedings, 97-102. 
Wanigasekara, R.W.M.R.P. 2009. «Optimal Planning for the Rehabilitation of Water Distribution 
Networks in Developing World Using Criticality Theory». UNESCO-IHE Institute for Water 
Education. 
Water Environment Research Foundation. 2009. Compendium of Best Practices in Water 
Infrastructure Asset Management. 
Water Research Foundation. «Knowledge Portals: Asset Management: Breaks & Leaks: FAQ’s». 
2016. https://downloads.regulations.gov/FWS-R5-ES-2016-0030-0054/content.pdf (30 
august of 2020). 
Wengström, T. 1993. «Comparative analysis of Pipe Break Rates A Literature review». Chalmers 
University of Technology. 
Wijnia, Ype. 2009. «Asset management for infrastructures in fast developing countries». En 2009 
2nd International Conference on Infrastructure Systems and Services: Developing 21st Century 
Infrastructure Networks, INFRA 2009. 
Bibliography 107 
 
———. 2019. «Processing risk in Asset Management. Exploring the boundaries of Risk Based 
optimization under uncertainty for an energy infrastructure asset manager». 
Wijnia, Ype, and Paulien M Herder. 2009. «The state of Asset Management in the Netherlands». 
Engineering Asset Lifecycle Management - Proceedings of the 4th World Congress on 
Engineering Asset Management, WCEAM 2009 (January): 0-9. 
WVGW. 2015. Profile of the German water Sector 2015. 
Younis, Rizwan, and Mark A. Knight. 2014. «Development and implementation of an asset 
management framework for wastewater collection networks». Tunnelling and Underground 
Space Technology 39: 130-43. http://dx.doi.org/10.1016/j.tust.2012.09.007. 
Zangenehmadar, Z. 2011. «Asset Management Tools for Sustainable Water Distribution 
Networks». Concordia University. 
 
 
(Urrea-Mallebrera et al. 2019)(U.S. EPA 2003)(Worley International Limited & World Bank Group, 2000) 
(Alegre et al. 2016)(González-Moscoso 2013)(Schulting and Alegre 2007)(IBNET English | The International Benchmarking Network 
s. f.).(Abuzayan, Whyte, and Bell 2014)(J. W. Rogers and Louis 2006)(Balzer and Schorn 2015) 




A. Appendix: Balance between 
performance, cost and risk 
1. Performance of the water distribution system 
For water utilities, performance evaluation has been of global interest by governments and different 
institutions. In 1996 the AWWA Research Foundation published the Performance Benchmarking for 
Water Utilities, in order to measure the performance of water operators as a means to improve 
service delivery sustainably. In parallel, the IWA created the Specialist Group in Statistics and 
Economics, and later in 2000 published the Manual of Good Practices in Performance Indicators for 
Water Supply Services of the IWA (Cabrera Jr, et al., 2011). Both entities continued in parallel 
expanding their developments in the matter, so that in 2002 the IWA published the Manual of Good 
Practices in Process Benchmarking, later in 2003 it published the System of Performance Indicators 
for Sanitation Services and in 2006 the second edition of the Manual for Water Supply. In 2005 and 
2006, AWWA published two reports on performance indicators and benchmarking for water utilities, 
while the World Bank (WB) started IBNET in 1997 as a repository of comparative information on 
water companies around the globe. 
 
Colombian regulations define some performance indicators based to evaluate the water utilities' 
level of service. Law 142 of 1994 delegates to the Potable Water and Basic Sanitation Regulation 
Commission (CRA for its Spanish initials), the definition of mandatory criteria, characteristics, 
indicators and models that allow evaluating water utilities' performance. In this sense, Resolution 
CRA 688 of 2014 establishes, for water operator with more than 5000 customers in the urban area, 
goals of water coverage, continuity, drinking water quality, water losses per billed customer, 
consumption per billed customer, standard operating costs, and others, and the horizons to fulfil 
them. Additionally, Resolution 330 of 2017 of the Ministry of Housing, City and Territory (MVCT for 
its Spanish initials), establishes the minimum and maximum service pressures allowed in water 
distribution networks, among other technical aspects. Resolution 2115 of 2007 of the Ministry of 
the Social and Environmental Protection and the Ministry of Housing and Territorial Development 
establishes the methodology for calculating the IRCA (Drinking water risk index). 
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The indicators mentioned above allow evaluating the performance of water utilities in terms of 
efficiency and effectiveness. Colombian regulation relates efficiency to an adequate service with fair 
operating costs and water losses. Efficiency is related to complying with the water supply to the 
entire population, continuously and under adequate pressure conditions. These four aspects 
(quality, coverage, continuity and pressure), are the most evident evaluation elements from the 
customers' point of view since they do not care for operating cost unless it impacts tariffs. 
 
These performance indicators are directly linked to each other. Poor access to drinking water is 
related to high morbidity rates (Guzmán et al., 2015), An intermittent supply allows contaminated 
water to enter pipes through cracks or fissures, as a consequence of depressurization, affecting the 
quality of treated water (GIZ 2011). Low-pressure values may require to supply one area or another, 
generating discontinuities and their mentioned adverse effects. Abrupt variations in pressure can 
lead to pipe bursts (Thomson et al., 2013). 
2. Cost associated with assets 
According to Alegre and Coelho (2012) the life cycle of an infrastructure system is infinite. Every 
individual asset is in a particular life stage, and there is no given moment when the system gets 
replaced entirely. On the contrary, an infrastructure system is gradually renewed as its components 
are replaced while maintaining the overall functionality of the system (Burns, Hope, and Roorda, 
1999). Consequently, an adequate cost evaluation considers consecutive capital investments to 
balance performance and risks in the long term. It must be evaluated as the accumulation of costs 
over time, contrary to the traditional approach of life cycle analysis, which ends with the element 
decommissioning. See Figure A-1, adapted from Asian Development Bank (2013) 
 
Total costs associated with infrastructure systems can be divided into two groups: OPEX and CAPEX. 
Capital costs or CAPEX (Capital Expenditures) are specific costs that occur at certain times in a system 
lifetime, to create new elements or expand the system capacity. O&M costs are instead classified 
within OPEX (Operational Expenditure), and generally represent smaller-scale costs that occur 
periodically throughout the lifetime of assets. During the planning stage, it is necessary to consider 
within the analysis of convenience of investment alternatives the sum of total costs, CAPEX and 




11 This approach is included in articles 12 to 14, 22, 101, and others. Resolution 330 of 2017, Ministry of 
Housing, City and Territory. 
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Figure A-1: Cost representation under long-term analysis  
 
In this sense, the sum of capital and operating costs is not the only criterion that must be considered 
when evaluating investments, the decision of when to invest plays a fundamental role in economic 
analysis. The optimal time to invest is the one in which the net present value (NPV) is minimum. 
Earlier investments increase the NPV, while late investments may lead to the appearance of failures 
whose attention or consequences require additional interventions that, evaluated in economic 
terms, increase NPV. 
 
The principle of financial sufficiency states that the investments required for maintaining the supply 
must be remunerated by customers, so the water utility is sustainable in the long term. Tariffs cover, 
among others, the average operating cost - CMO. It includes the operational staff wages, costs of 
chemicals, energy, machinery and equipment maintenance and repair, operating contracts directly 
related to the provision of the service, materials, insurance, and others defined by Resolution CRA 
688 of 2014. Capital costs, corresponding to projects included in the Regulated Works and 
Investments Plan (POIR), are also included in the tariff through the average investment cost - CMI, 
defined in the same resolution. 
 
The sum of these costs, together with the average cost of administration and the average 
environmental cost make up the consumption cost, which is the value charged to the customers for 
each cubic meter of water supplied. Complementarily, the fixed cost is calculated upon the average 
cost of administration - CMA. The sum of fixed cost and consumption cost compounds the tariff that 
is charged to the customers and affected by the subsidies provided by the corresponding Municipal 
Council. 
 
Consequently, the decisions taken by the water utility regarding capital investments and O&M 
activities translate, not only into the system performance but also into the tariffs that customers 
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must pay. These tariffs must be as low as possible without affecting the operation and the utility's 
sustainability. 
 
Given the limited nature of financing, efficiency implies to prioritize investments, or what Raven 
(2006)calls economic optimization, which consists of investing in the right element at the right time. 
3. Risk 
In general terms, risk is defined as the product between the probability of occurrence of any event 
and the magnitude of its consequences in economic, environmental, social terms, etc. (Friedl and 
Fuchs-hanusch 2011; Pathirana 2010; Wijnia 2019). According to the ISO 31000 (2009), standard, 
risk management is "the set of coordinated activities to direct and control an organization 
concerning risk", and for this purpose, it defines a series of stages that make up the risk management 
cycle. It begins with the definition of the context in which the risk will be assessed, that is, criteria 
and approaches that might be considered. The actual risk assessment is made up of three steps: 
identification, analysis and evaluation of risks. According to the assessment results, risk managing 
strategies must be defined, which may include avoidance, transfer, mitigation or acceptation. The 
final decision must take into account the definition of acceptability for each case, given the close 
relationship between risk and cost: reducing risk to a minimum may be possible, but it implies high 
costs that probably cannot be allowed. Finally, there is the implementation of the adopted measures 
and their monitoring, forming a continuous adjustment cycle. 
 
Commonly, the traditional approach of risk assessment uses a matrix that contains the impact 
related to a given event on one axis and the probability of occurrence on the other. By assigning 
numerical values to them, a quantitative risk rating is obtained. The risk matrix contains several risk 
levels, i.e. low, moderate, high and very high, which depend on the discretion of the assessor and 
the definition of acceptance in each case. However, two events with similar risk rating should not 
necessarily be managed equally. An event with catastrophic consequences and very low probability 
is not equivalent to another, where values are the opposite. 
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Figure A-2: Example of a conventional risk matrix   
 
Pathirana (2020) presents an alternative approach that considers four quadrants, each with a 
different risk managing strategy. Events that involve low risk and low probability of occurrence 
require reactive actions, which means that not necessarily any action must be taken until something 
occurs and might be corrected. A high probability of occurrence together with high impact represent 
unacceptable events and therefore, imply the urgent need for preventive measures aimed at 
reducing or eliminating risk (Asian Development Bank 2013). The intermediate quadrants should be 
treated regarding the situation: for events with a high probability of occurrence and low impact, it 
is convenient to plan actions under a cost/benefit analysis. Finally, for events with high impact and 
low probability, the suggested strategy is monitoring in order to warn of any circumstance that 
changes either of the two aspects and therefore increases risk. 
 
Figure A-3: Alternative approach to risk assessment   
 
While the probability of failure is associated with the condition of assets and their deterioration 
processes, and there are countless methods and methodologies to assess the condition, the 
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evaluation of impact has a higher degree of subjectivity, since not all the consequences are easily 
quantifiable. 
 
Impacts on traffic, commercial activities, deterioration (not damage) of nearby buildings, water 
contamination due to particle intrusion and effects on the environment are examples of the 
consequences that are not easy to quantify (Ogutu, Kogeda, and Lall 2018). However, it is ideal to 
define quantification criteria for integrating impact assessment into the risk analysis. 
 
When starting a risk assessment, it is necessary to define the scope of the dimensions to be 
evaluated and the methodologies for quantification. Table A-1 presents some aspects to consider 
regarding a water distribution system. 
 
Table A-1:    Impact evaluation aspects. Adapted from Alegre & Coelho (2012) 
Aspect Potential impact 
Public health The entry of pollutants from the surrounding soil or sewer 
Number of people receiving contaminated water 
Mortality rates associated with a lack of drinking water  
Security Fatal and non-fatal victims 
Destabilization of risk areas 
Financing Technical losses volumes regarding the failure mode, operating pressure 
and the repair time. 
Value of repairs (regarding the type of pipe, diameter, location, etc.) 
Alternative sourcing 
Service continuity Continuity index 
Number of disconnected customers 
Critical or vulnerable disconnected customers 
Hours of intermittent supply 
Environmental impact Impact recovery time 
Environmental impact 
Impact on protected areas 
System operation Failure to meet performance goals 
Reputation Customer complaints 
Reputational risk 
Business continuity Collateral damage to other assets 
Impact on assets’ installed capacity 
Higher requirement of human resources 
Third parties damage Direct effects, such as pavement damage, flooding of open areas or buildings, 
traffic accidents, impact on other public service networks, etc. 
Indirect effects such as job losses, reduced trade flows, etc. 
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Once the probability of occurrence and consequences have been quantified, assets must be 
classified regarding risk. Those assets with the highest risk are defined as critical assets; requiring to 
define the appropriate strategy for each case, following the risk management steps mentioned 
earlier. 
 
According to Rajani and Kleiner (2004), in a drinking water supply network, two classes are identified. 
The first corresponds to large-volume and small-size assets, which are the majority of water 
distribution pipes, whose failure consequences may not be catastrophic. In this case, the risk 
management strategy focuses on the attention of failures. It accepts a given failure rate or a certain 
number of events since its O&M costs are relatively low compared to the capital cost associated with 
the asset renewal. The second class corresponds to low-volume and large-size assets, such as 
reservoirs, pipes, pump stations, adductions, large mains. In these assets, the impact of failure can 
be catastrophic, and therefore the strategy is to avoid failure and act before it appears. According 
to Kleiner (2001), the optimal time to intervene in an asset of the second class is just before the 
failure occurs. At this time, the present value of the total costs is minimal: if the asset is not 
intervened and it fails, its associated costs increase the NPV. If the intervention occurs the optimal 
time, the NPV will also increase regarding the minimum cost: the longer an investment is deferred, 
the lower the NPV will be, due to the effect of time and the discount rate.  
 
 
Figure A-4: Balance between performance, risk and cost  
 
Finally, the balance between these three aspects: performance, cost and risk, is summarized in figure 
A-2. Skimping on investments can favour the infrastructure deterioration and increase its probability 
of failure, and therefore the risk of failure. Consequently, failing infrastructure decreases 
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performance and on the contrary, strongly reducing risks can positively impact performance, but 
negatively impact costs.  
 
Each water utility must define what considers acceptable in each dimension, and the strategies that 
will help to achieve a balance in these three aspects. The utility must aim to maintain long-term 
strategic objectives, fulfil its mission of safeguarding public health through access to safe water, and 





B. Appendix: Information sources that 
support IAM  
1. Geographic information systems (GIS) 
It is clear by now that IAM is a highly demanding process in terms of information; therefore, it 
requires the support of a detailed asset registry (Asian Development Bank, 2013). Commonly, in 
medium and small water utilities in emerging economies not having clarity where the assets are 
(especially buried assets), or what are their characteristics. In many cases, available information rests 
on physical blueprints. It is not updated continuously as constant changes occur during daily 
operation; in some cases, there are not even physical records, and the asset information remains on 
the memory of the operating staff. In this case, information is highly susceptible to get lost or not 
being reliable. 
 
The first information repository level is the operative staff memory, which must be overcome at all 
costs. The second level refers to physical blueprints, where the information reflects a specific time 
but is not updated continuously. The next level is in CAD files; in this case, it is easier to include new 
information or reported changes in infrastructure. However, CAD files are limited regarding the 
amount of information that can be included for each asset. The next level corresponds to geographic 
information systems - GIS, which are considered the minimum expected basis for a proper asset 
registry and a fair starting point for IAM activities. 
 
GIS allows the inclusion of countless attributes for each type of asset and the link of external 
information to the assets based on their spatial reference (GIZ, 2011). It constitutes one of the GIS 
advantages over CAD systems. However, its functionality goes beyond storing data. GIS allows 
information processing and analysis, provides support for decision-making and facilitates integration 
between various information systems that support an IAM process. Its ability to interact with other 
software architectures expands the universe of information management possibilities. Below are 
some possibilities for integrating GIS with other systems: 
i) Connectivity with customer information systems (CIS). The spatial reference of consumption 
points and historical use of water allows the spatial distribution of demands to project the 
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system growth within the projected time horizon. The spatial distribution of demand is a 
necessary input for hydraulic modelling. 
ii) Interaction with maintenance management systems - CMMS, where GIS provides access to 
spatial data of urban cadastre, roads, customer location, surrounding infrastructure, public 
service networks, and system-specific data such as assets attributes, records of previous 
failures, etc. 
iii) Connectivity with operation support systems. The connectivity defined in the GIS, in the first 
instance, allows for tracking, criticality and proximity analysis, which support the staff for 
decision-making, resource allocation, generation of work orders, the definition of closures 
before asset failures, among other real-time decisions. 
iv) Connectivity with SCADA systems for real-time information integration, which can be used for 
hydraulic modelling through classical software or developments involving ANN and GA. 
 
The development of GIS is commonly associated with high costs. It is a prejudice that can discourage 
water utilities from implementing GIS. However, in addition to licensed software, there is free 
software able to achieve similar functionalities. Now, the effectiveness of GIS does not lie in 
computational tools; human and organizational components are vital for GIS implementation 
success. 
 
Ideally, there might be a department in charge of GIS management and administration, with 
established procedures for information gathering, reporting and updating. GIS must allow access to 
different departments as a support tool for their decision-making processes, avoiding the formation 
of "islands of information". This figure refers to limited access to information that may be of interest 
to the entire organization 
2. Maintenance plans and maintenance management 
systems 
So far, a particular emphasis has been placed on infrastructure renovation and especially on pipes 
renovation; however, IAM is not focused solely on CAPEX planning. 
 
The essence of AM is to maximize the value of assets, which includes making the best possible use 
of the service life of assets and reducing the NPV of investments (OPEX and CAPEX) throughout their 
lifetime. Properly managing infrastructure assets means acting proactively, anticipating events, and 
not only reactively when failures occur. 
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The first strategy to extend assets' service life focuses on maintenance. Maintenance is one of the 
primary IAM activities. In fact, before evolving to a more advanced approach that aims to make 
highly efficient decisions within the performance/cost/risk balance, based on detailed assets 
information, basic asset management consisted on preparing and implementing preventive and 
corrective maintenance plans. 
 
Figure 1-3 shows the effect of preventive maintenance on increasing the assets service life by 
preventing or postponing failures within the deterioration curve of each case. According to Espín 
Leal (2014), there is a variant of preventive maintenance called predictive maintenance, which 
consists of estimating the condition of an asset from historical data and measurements of key 
variables to estimate its performance, without taking it out of service. In contrast, predictive 
maintenance is highly information demanding. 
 
Corrective maintenance aims to restore the functionality, safety and productivity of an asset, once 
a failure has occurred. It is related to passive management, as discussed above; however, it is an 
unavoidable factor in active management, even in cases where prevention is exhaustive. 
 
Usually, water utilities focus maintenance investments towards corrective maintenance, which, in 
systems with poor management, can be highly time and human resources-consuming. Additionally, 
corrective actions are associated, in general, to service intermittence, the entry of sediment or 
pollutants into the water network, traffic disruptions, among other aspects that make it difficult to 
comply with regulations, maintain customers satisfaction, and to preserve a good corporative image. 
According to Ackerman (1999, referenced in Brighu, 2008) and the ADB (2013), in terms of 
accumulated cost during the service life of an asset, the most expensive type of maintenance is 
reactive maintenance and the least expensive is predictive maintenance. 
 
Corrective actions are not a decision but rather a necessity for a water utility. The decision to explore 
maintenance as a management strategy must arise with the development and implementation of a 
preventive maintenance plan. It must be supported on complete and reliable information about 
asset records, operation and maintenance manuals, manufacturers' recommendations and detailed 
protocols. Inspection, preventive and corrective maintenance actions must be reported and 
recorded, ideally in the GIS. This information, over time, allows continuing to the next levels, for 
example, preventive maintenance and implementation of specialized management systems. 
 
Finally, together with adequate knowledge of assets, the planning of preventive maintenance plans 
is an essential starting point for a conscious process of IAM in a water utility. It is a low-cost strategy, 
compared to rehabilitation or renovation actions, which seek to extend the service life of assets. 
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3. Customer information systems (CIS) 
Customer databases are a fundamental input for water balances and hydraulic models. The spatial 
location of consumption points within a GIS allows significant precision in the demand allocation 
along the water network (GIZ, 2011).  
 
In general, CIS collect information not only about individual consumptions, but also information 
about water meters, such as age, diameter, physical condition, and reports from water meter 
reading campaigns. This information is useful to identify deviations in consumption, water meters 
that have reached service life, possible causes of under-registration, or unauthorized consumption, 
and define renewal strategies. In Colombia, water meters do not belong to the water utility; 
however, meter inaccuracies affect the operator's sustainability and even the expected performance 
of the system. Accordingly, water meters must be included within IAM strategies and tactics. 
 
According to GIZ (2011), a CIS must include the customer database (customer information, account 
number, spatial location, number of people per connection), cadastral database (information on 
properties and property characteristics), individual meters database (readings, consumption 
deviations, meter condition, reading routes), and billing. 
 
Additionally, customer complaints have valuable information that can guide water utilities about 
potential problems within the water network, such as low-pressure reports, water quality issues and 
visible leaks. 
4. Instrumentation  
The term instrumentation contains the set of mechanical or electronic devices that allow measuring, 
converting, transmitting, controlling and recording variables involved in a unit operation or process, 
all the above in real-time. Its purpose is to supervise tasks or activities that involve variables of a unit 
operation, hydraulic or chemical process, intending to optimize resources. Automation refers to the 
replacement or elimination of intermediate components of a system or steps in a process, especially 
those that involve human intervention in decision-making, by others more advanced technologically. 
From the above, it is concluded that there may be instrumentation without automation, but not 
automation in the absence of instrumentation.  
 
The different levels that can be conceived concerning instrumentation and automation are 
represented by the so-called automation pyramid, as shown in Figure B-1. 
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Figure B-1: Automation pyramid 
 
The base of the pyramid corresponds to the field level or device level. This level evaluates variables 
to be measured, potential technologies, defines the devices' location, and connectivity alternatives. 
It includes elements such as sensors, actuators, motors and others. Table B-1 presents the most 
common measurands in a water distribution system and the instruments used for each case.  
 
Table B-1: Common measurands and instruments in water distribution systems  
Measurand  Units  Instrument 
Flow  L/s Electromagnetic, ultrasonic or WT flowmeters 
Level m Online Ultrasonic Level Meter 
Free and total chlorine mg/L Free and total chlorine online meter  
Turbidity NTU Online Turbidimeter 
pH pH  Online pH meter  
Pressure  kPa In-line pressure transmitter or gauge 
Volume  m3  Speed or volumetric pulse meter 
 
These devices must allow the user to take instantaneous readings, or store data following a specific 
schedule and download or send this data to a remote control centre. In the control level, the PLC 
and PID control field devices. They take the input information as a basis to make decisions about the 
outputs that must be activated to fulfil a given task. 
 
The third level corresponds to the supervision level, which includes SCADA systems (supervision, 
control and data acquisition). The purpose of a SCADA system is to monitor and control a facility 
remotely, receiving data in real-time, activating alarms when predetermined circumstances are met, 
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storing and representing historical series and performing control activities remotely. Generally, 
SCADA systems are accompanied by a user-friendly graphical interface, which facilitates consulting 
and interpretation of data. 
 
The fourth level is defined as the planning level. This level uses computer management systems 
called MES (Manufacturing Execution System), which help to improve efficiency in production 
processes, meeting performance and demand requirements. Finally, the management level uses an 
ERP (Enterprise Resource Planning) system for resource planning, integrating the technologies 
included in the previous levels. An essential aspect of most ERP systems is the use of a unified 
database to store data from several modular systems. 
 
Between 2000 and 2004, the University of Newcastle upon Tyne, the University of Valencia, the 
Universita degli Studi di Ferrara and the Technion Israel Institute of Technology, developed the 
POWADIMA (POtable WAter DIstribution Management) project. The objective of this project was to 
assess the feasibility of real-time and optimal control of water distribution networks. To do this, they 
explored the demand forecast in a short-term scenario, the use of ANN and GA to represent 
hydraulic models of the system at a lower computational load and higher response speed, as tools 
to identify ideal operating configurations. The results showed an increase in energy efficiency and a 
reduction in operating costs (Alvisi, Franchini, and Marinelli 2007; Jamieson et al. 2007; Martínez 
et al. 2007; Rao and Alvarruiz 2007; Salomons et al. 2007).  
 
In Colombia, Resolution 330 of 2017 incorporates requirements regarding instrumentation: 
 
▪ Art. 31 Instrumentation, monitoring and control systems: 
It indicates that for the operation and maintenance of water distribution systems, no matter 
their size or complexity, "instrumentation, monitoring and control systems must be 
implemented, which allow adequate and permanent control of the quality of the service of 
the water distribution systems (...)". 
▪ Art. 73 Flow measurements (paragraph 1 - telemetry and / or data storage). In all water 
distribution systems, flow meters should be installed at least at the inlet of water treatment 
plants, at the inlet and outlet of pumping systems, at the outlet of water treatment plants, 
at the entrance of DMA, and the exit of storage tanks. Additionally, it requires that for 
systems with more than 60,000 inhabitants, all flow meters must have telemetry systems. 
▪ Art. 74 Pressure measurements (telemetry and / or data storage). It indicates that for water 
distribution networks, pressure measurement equipment must be available with a storage 
capacity of at least 50,000 registers per month. 
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▪ Art. 75 Individual water meters (individual meters pre-equipped for remote reading). All 
water meters must be pre-equipped with systems that allow the subsequent installation of 
remote reading systems. 
▪ Art. 122 Instrumentation and Control in water treatment systems. The minimum water 
quality parameters to be measured are turbidity, colour, temperature, conductivity and pH. 
▪ Art. 133 Information on water treatment systems  
▪ Art. 236 Instrumentation, supervision and control. For new projects developed for systems 
with 60,000 or more inhabitants, the conceptual and basic engineering of instrumentation 
and its processes must be presented withing studies and designs. 
5. Hydraulic models  
Hydraulic models consist of simplified mathematical representations of a hydraulic system, i.e. water 
distribution networks. Hydraulic models support the analysis of potential operational scenarios, 
variations in demand, assessment of the impact of asset failures in the system performance, 
assessment of expansion or modification alternatives, water quality analysis, and so on. Among the 
benefits of a hydraulic model are anticipating the impacts of potential interventions before 
executing them in the field, supporting decision-making seeking to maximize benefits and achieve 
cost efficiency, and supporting the tasks of operating a water distribution system. 
 
The sources of information for a hydraulic model are the network topology (detailing characteristics 
and attributes of individual assets), the demands distributed spatially and temporally, field 
information such as flow and pressure data at strategic points, and levels of storage tanks, for 
calibration and modelling purposes. The performance of a hydraulic model is based on the GIGO 
premise (Garbage in - garbage out) so that the quality of its results directly depends on the quality 
of the input data. 
 
Classic applications of hydraulic models are DMA planning, hydraulic sufficiency analysis, 
accessibility analysis, water quality analysis, pressure management, energy efficiency improvement, 
pressure-dependent demand analysis, among others. Regarding IAM, flows calculated with hydraulic 
models allow the estimation of the significance index, to assess pipe criticality (Wanigasekara, 2009). 
Hydraulic modelling allows the estimation of real losses based on the daily pressure pattern 
throughout the water network (GIZ 2011), and the estimation of the economic impact of failures. 
 
Hydraulic models also allow performing connectivity analysis to identify areas or customers that 
would be disconnected during a pipe break, thus estimating the impact of the failure and risk 
assessment. In Colombia, the service continuity standard defined by Resolution CRA 688 of 2014 is 
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six days per connection per year. This is a low value when compared to other countries: England and 
Wales allow an average of 12 minutes of interruption per property per year (Department for 
Environment Food & Rural Affairs 2020), Germany reports values between 10 to 15 minutes per 
property per year (WVGW 2015), The Netherlands stated in 2017 that interruptions due to 
unplanned events should not be more 6.5 minutes per property per year (Geudens and Grootveld 
2017). The flexibility in Colombia's regulation makes continuity a secondary criterion for impact 
estimation while reducing the impact of failures on service interruption is primordial in other 
countries. 
6. Deterioration models and reliability analysis  
It is ideal for a water utility to include deterioration models to identify which assets are most prone 
to failure; however, these tools are not common in this type of companies. Deterioration models are 
highly information-demanding, being information precisely a weak point in water utilities in 
Colombia.  This situation is even more accentuated in small and medium-sized companies, where 
sometimes even the location of underground assets is sometimes unknown. 
 
Historic failure data is a fundamental input to evaluate assets behaviour. This kind of information is 
usually collected as corrective maintenance or repair work is done in the field, identifying location 
and date of repair for each failure. Ideally, data must contain modes and mechanisms of failure, in 
order to correlate breaks frequency with these characteristics. On the other hand, failures caused 
by factors not inherent to the asset or its surroundings, such as overpressures generated by an 
inadequate operation or third parties, should not be considered in deterioration modelling (Brighu, 
2008). 
 
Operation and pipe characteristics or location-related factors such as diameter, age, material, 
length, working pressure, surroundings, water table, soil type of soil, and others, are useful to 
identify correlations with failure rate; making it possible to forecast the future number of failures or 





C. Appendix: Evaluation elements included 
in the AAR and QSAM evaluation 
mechanisms 
1. Selected items from the AquaRating standard 
Element Description 
QS1.2.2 Are there protocols to perform preventive maintenance on treatment plants, as do 
corresponding maintenance records? 
QS1.2.3 Are there Protocols exist to perform preventive maintenance on treatment plants, as do 
corresponding maintenance records? 
QS1.3.4 Are there records of operation parameters measured in all treatment facilities? 
QS1.3.5 Are there alarm thresholds for corrective maintenance and operation adjustment? 
QS1.3.6 Are there available remote-control systems to manage processes and internal parameters 
of treatment facilities? 
QS2.1.1 Standard service pressure and continuity values for water supply and distribution are 
accepted and applied? 
QS2.1.2 Is water supply and distribution infrastructure design conceived to minimize impact due to 
contingencies and to comply with service standards? 
QS2.1.3 Do plans to renew supply and distribution system elements adopt criteria that take into 
account the risk of impact on service continuity? 
QS2.1.4 Do planning and adjustment of water supply and distribution infrastructure adopt criteria 
to prevent risk of service interruption and unintended variations in pressure? 
QS2.2.1 Is visual inspection of supply and distribution system elements and accessibility to them 
carried out at least once every 3 years? 
QS2.2.2 Is verification of operational status of supply and distribution system elements for which 
visual inspection or operational test is possible carried out at least once every 3 years? 
QS2.2.3 Are supply and distribution system elements are differentiated and those of fundamental 
or strategic importance highlighted? Such differentiation must be stated in all 
infrastructure databases used for planning and operation and must be indicated on-site on 
all visible or manoeuvrable system elements. 
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Element Description 
QS2.2.4 Are supply and distribution system elements of fundamental or strategic importance 
checked at least every 6 months? 
QS2.2.5 Are problems detected in supply and distribution system facility inspections, including 
inconsistencies with the information available, resolved within 6 months? 
QS2.2.6 Are systematic campaigns to detect leaks and hidden ruptures carried out on at least 5% 
of network length every year? 
QS2.3.2 Are GIS tools available to support isolation, repair and resolution of contingencies in 
supply and distribution systems? 
QS2.3.3 Are early warning mechanisms available 24/7? (remote control and receipt of warnings 
referring to supply and distribution systems). 
ME1.1.1 Has the utility mission or rationale vision of the future been defined? 
ME1.1.10 Is there a map of the long-term strategy selected? 
ME1.1.2 Is there a summary of the strengths, weaknesses, opportunities and threats identified in 
relation to key aspects of performance, such as access to service, service quality, 
management efficiency, environmental sustainability and financial sustainability? At the 
very least, an analysis of critical success factors must exist. 
ME1.1.3 Is the utility’s strategic position analysed with respect to the opportunities and threats 
identified, or with respect to the critical success factors, depending on the methodology 
used for the previous practice (ME1.1.2)? 
ME1.1.4 Is the utility’s situation analysed with respect to objectives and goals considered in the 
sector or local development plan at the respective governmental level? in the case that 
this plan is documented and applies to the utility. 
ME1.1.5 Are there analysis/assessment of strategic options to improve the utility’s strategic 
position and/or to overcome detected weaknesses? considering, among other things, at 
least 2 of the following options: 
(i) infrastructure construction through BOT or similar contracts; 
(ii) organizational restructuring; 
(iii) outsourcing of some services; 
(iv) outsourcing of management of a geographical area, of any of the basic functions of 
service delivery (such as sales or maintenance functions), or of the institution as a whole, 
by means of management contracts.  
ME1.1.6 Are strategic objectives (determining intended impact and direction) defined for a horizon 
of at least 5 years for the key performance areas prioritized as a result of analysis of 
strategic options? 
ME1.1.7 Are specific objectives associated with each of the strategic objectives, with their 
respective goals and deadlines, identified? 
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ME1.1.8 Are strategic guidelines defined regarding customers, services offered, stakeholders, 
processes, staff and technology? 
ME1.1.9 Is each of the activities considered in the plan budgeted? 
ME1.2.1 Was the strategic plan generated by utility staff (at the very least involving management 
staff up to the third hierarchical level, if this level exists in the organization) through a 
formal participatory process? 
ME1.2.2 Is the strategic plan reviewed annually? 
ME1.2.3 Does the process of reviewing the plan include assessment of the degree of success 
achieved in its implementation and analysis of the environment (natural, social, political, 
economic, regulatory) in which services are provided in order to detect possible changes 
to conditions under which the plan was formulated, analyse their possible impact on 
strategy and determine the need for adjustment? 
ME1.2.4 Has the strategic plan been formally approved by the board of directors? 
ME1.2.5 Are operating plans derived from the strategy specified for functional areas, departments 
and all units? 
ME1.2.6 Are special projects identified to ensure fulfilment of the strategic plan’s objectives 
included, indicating their objective, duration, costs and person or persons in charge of 
each project? 
ME1.2.7 Is a plan for monitoring the strategic plan’s implementation included, specifying specific 
responsibilities? 
ME1.2.8 Is there a program for communicating the plan to all levels and staff in the organization so 
that it is clear to them what the organization intends to achieve, the guidelines to be 
followed to achieve it and their specific contribution to fulfilment of the goals and to 
performance of the activities for which the unit in which they work is responsible? 
ME1.2.9 Are there measures, mechanisms and criteria for assessing the strategy in order to provide 
means of assessing the plan’s degree of success? 
ME2.1.1 Is an annual budget prepared and used to allocate and control use of resources by the 
utility? Is this budget is monitored every month? 
ME2.1.2 Are reports on the utility’s management prepared at least once a quarter and include 
indicators that measure key aspects such as access to service, service quality, 
management efficiency, environmental sustainability and financial sustainability? 
ME2.1.3 Is there a management control system that establishes goals for the indicators that 
measure key aspects such as access to service, service quality, management efficiency, 
environmental sustainability and financial sustainability, and which allows regular 
monitoring and evaluation of the degree of goal fulfilment? 
ME2.1.4 Is there a management control system that allows regular monitoring and assessment of 
fulfilment of objectives and goals established in the utility’s strategic plan? Is the system is 
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Element Description 
deployed across all organizational levels and units to guarantee fulfilment of objectives 
and goals? 
ME2.1.5 Are indicators considered in the management control system measurable, pertinent 
(relevant, specific), verifiable and reasonable in number (not more than 20)? 
ME2.1.7 Are management progress and results monitored monthly by senior management and at 
least quarterly by the utility’s board of directors? 
ME5.1.1 Is there a formally defined strategy and policy for procurement of goods and services, 
including studies and works.  
ME5.1.2 Is there a definition regarding levels of materials and spare parts’ inventory in order to 
avoid lack of stock and losses due to obsolescence or deterioration, considering associated 
costs? 
ME5.1.3 Are new goods, services and alternative supply sources studied, based on existing options 
in the market, at least once a year for goods and services which altogether represent more 
than 70% of the total amount of purchases used in operations in the rating year.  
(Options are considered to exist in the market if there is more than one supplier of the 
goods and services used in operations, considering both national and international 
markets). 
ME5.1.4 Are purchases of goods and services made in accordance with the standards that govern 
the utility, via an open and transparent online computerized system, through which 
interested suppliers have access to tender conditions, terms of reference and other 
conditions which regulate each purchase process? 
ME5.1.5 Is the proposal assessment procedure explicit, public and predefined and establishes 
rating and weighting of both technical and economic aspects? 
ME5.1.7 Are framework contracts or agreements for direct supply of frequently used goods and 
services in place? 
OE1.1.1 Are individual water flow rate or volume-metering devices (individual water meters) 
installed at all points of use and consumption and these are read and the data recorded at 
least once a quarter? 
OE1.1.10 Are there reliability indicators for measurements of flow supplied to sectors and to the 
whole system? 
OE1.1.2 Are water flow rate or volume-metering devices installed at all entry points to the water 
supply system and these are read and the data recorded at least once an hour? 
OE1.1.3 Are there policies for dimensioning and renewing individual metering devices (micro-
metering) that focus on maintaining the error levels or confidence intervals established in 
the regulations and on homogenizing metrological classes? 
OE1.1.4 Are there policies for dimensioning, renewing and verifying water flow rate or volume-
metering devices at the entry points to the system that focus on maintaining the error 
levels or confidence intervals established in the regulations and that tend to homogenize 
classes, types and brands? 
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OE1.1.5 Is information on the location of all points of use and consumption available in a 
geographical database of the distribution infrastructure? 
OE1.1.6 Are distribution networks sectored and inflow volumes to sectors are measured frequently 
(at least once an hour). Sector scope does not exceed 10,000 properties? This practice is 
only considered to be complied with if more than 90% of network length is sectored. 
OE1.1.7 Are water supply and controlled water consumption balances for the entire supply 
network calculated and documented at least once a quarter? 
OE1.1.8 Are water supply and controlled consumption balances for all sectors are calculated and 
documented at least once a month, with consumption being calculated pro rata if 
consumption records are required for greater time intervals? 
OE1.1.9 Is there a procedure, unit or specific plan for reducing uncontrolled water? It includes, in 
addition to metering of all use and consumption, reduction of water use and consumption 
that does not generate revenue. 
OE1.3.1 Is there a department is responsible for managing real losses or a well-defined operating 
procedure? 
OE1.3.2 Is there a procedure for estimating real loss volumes based on standard criteria (IWA or 
similar, with differentiation between apparent and real losses and between authorized and 
unauthorized consumption) to estimate uncontrolled water components? Are real loss 
volumes are computed at least once a month? 
OE1.3.3 Is the efficiency of different techniques used to detect, locate and repair sources of real 
losses is analysed and compared for each sector or zone in which uncontrolled water 
balances are calculated?  
OE1.3.4 Are performance levels and reference parameters determined in order to guide practice 
and scope of identifying and reducing real losses? (evaluation and tracking at least once a 
year) 
OE1.3.5 Is real loss reduction one of the considerations and objectives of infrastructure renewal 
and pressure management policies? 
OE1.3.6 Are references and records of water loss incidents available in geographical databases? 
OE1.3.7 Is evaluation of real losses for the geographical area to be rated based, at the very least, 
on balance contrasting and minimum flow rates for the entire geographical area or for the 
sum of smaller areas that make up the geographical area to be rated? 
OE1.3.8 Are there reliability indicators for measurements of minimum night flow rates supplied to 
sectors or to points where they are recorded and used for loss management? 
OE1.3.9 Are there procedures for monitoring (at least once a day) fluctuations in average and 
minimum flow rates at sector level to support loss reduction actions?  
OE3.1.1 Are geo-referenced databases (GIS) for all infrastructure available? 
OE3.1.10 Are preventive and corrective maintenance costs monitored and controlled? 
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OE3.1.11 Is a line of research or analysis conducted on the performance and service life of the 
equipment and infrastructure?  
OE3.1.2 Is there a unit specifically responsible for maintaining and updating infrastructure 
information in the GIS? 
OE3.1.3 Are procedures used to ensure updating of information in the GIS regarding infrastructure 
characteristics and include a commitment to update within a stipulated timeframe.  
OE3.1.4 Is there a remote-control system that relays the operational status of at least 20% of 
manoeuvrable devices and equipment positioned in strategic parts of the system?  
OE3.1.5 Is there an early warning system to identify incidents? (remote control, sectoring, online 
indicators). 
OE3.1.6 Is there an integrated system to manage inspection and preventive maintenance? 
OE3.1.7 Is a system to manage pressure in the distribution network available and implemented? 
OE3.1.8 Is there an integrated system to manage anomaly reporting and resolution linked to the 
operation and warnings and complaints areas? 
OE3.1.9 Is there a preventive maintenance plan? 
OE3-V3 Is the total annual expense accounted for in all corrective maintenance activities? 
(independently from preventive maintenance) 
OE3-V4 Is the total annual expense accounted for in all preventive maintenance activities? 
(independently from corrective maintenance) 
OE4.1.1 Individual annual accounting analyses are carried out for operating and maintenance costs 
as a whole? 
OE4.1.3 Are individual monthly accounting analyses carried out for main system facilities? It 
comprises, at the very least, all water treatment plants, wastewater treatment plants, 
main pumping stations, water distribution and wastewater collection networks and 
systems supporting operation.  
OE4.1.4 Are individual and segregated monthly accounting analyses carried out for the main 
components of these operating costs: staff, reagents, energy consumption and third-party 
services? 
OE4.1.5 Is operating cost optimization is included in the infrastructure and equipment design 
phase? 
OE4.1.6 Is operating cost optimization is considered when planning facility operation and operation 
of the system as a whole? 
OE4.1.7 Is there a plan to reduce operating unit costs and includes annual objectives and 
monitoring of their fulfilment?  
PE1.1.1 Does the investment plan define general and specific objectives? 
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PE1.1.2 Does the investment plan establish goals for coverage and quality for each service and 
system in the utility’s rating area? 
PE1.1.3 Does the investment plan establish the budget for the works detailed in the plan, including 
planned sources of finance? 
PE1.1.4 Does the investment plan include detailed definitions of the programs (sets of projects) or 
specific projects to be developed?  
PE1.1.5 Does the plan contain an implementation schedule? 
PE1.1.6 Does the plan show the general configuration of existing and planned systems, by service 
stage, on figures or maps at adequate scale? 
PE1.1.7 Does the plan include a general description of the criteria used in its formulation?  
PE1.1.8 Does the plan contain a list of programs or projects, per system, specifically indicating: 
name, estimated cost, year of operation start-up and observations or comments? 
PE1.1.9 Does the plan include a summary table of the investment program indicating for every 
service stage and year the project and annual investment? 
PE1.2.1 Are there up-to-date digital maps (updated less than 1 year before the plan’s approval 
date) identifying the geographical area to be rated? Do these maps have an adequate 
scale (minimum 1:10,000) and show UTM coordinates, urban boundaries, main streets or 
avenues, contour lines, ground elevation and noteworthy geographical features? Do these 
maps include the location of relevant infrastructure works affecting the drinking water and 
wastewater systems? 
PE1.2.11 Is the supply-demand balance calculated for each component of the system to establish 
the years in which deficits occur in order to consider actions or works to eliminate or 
reduce the projected deficits? 
PE1.2.12 Does the analysis consider the condition of existing infrastructure and determines whether 
it needs replacing? 
PE1.2.2 Are there projections of population size, user numbers and demand in the short, medium 
and long term (approx. 5, 10 and 15 years, respectively)? 
PE1.2.3 Are current and expected population size and user numbers in the geographical area to be 
rated documented? Are they segmented by user type and current and expected location 
according to overall and territorial growth projections for the service area, including, if 
applicable, real estate projects? 
PE1.2.4 Are there coverage and service quality goals? Are they equal to or higher than those set by 
the authority (governing entity and/ or regulatory entity), if applicable? If individual 
solutions are considered, is the number of households served per solution type specified? 
PE1.2.5 Are there scenarios establishing the range of projected demand variation, considering, 
among other aspects, support programs for low-income families to connect them to the 
sewerage system, if applicable? 
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PE1.2.6 Are there consumption histories (daily per capita water consumption rate) by user type 
and consumption projections according to changes in income levels, water use 
technologies, demand management programs and other relevant factors are 
documented?  
PE1.2.7 Are daily and hourly consumption coefficients, average annual and maximum volumes, 
infiltration rates and others documented and supported by empirical information based on 
specific studies? 
PE1.2.8 Is there a detailed water balance as per the IWA classification or similar (with 
differentiation between apparent and real losses and authorized and unauthorized 
consumption)? 
PE1.2.9 Is information about drinking water in each system summarized in tables that show the 
following for every year up to the analysis horizon (annual data may be calculated by 
interpolating 5-year estimates or others): total population; user population (population 
served); number of drinking water users; annual consumption volumes; average 
consumption flow rates (peak daily flow and peak hourly flow); volume of losses; average 
production flow rates (peak daily flow and peak hourly flow)?  
PE1.3.1 Are solutions required by the system to satisfy proposed coverage and quality goals 
defined? Are solutions developed at a prefeasibility level (cost confidence level ±15%) and 
take into consideration analysis of supply-demand for each component, condition of 
existing infrastructure, regulations in force and other elements? Are these solutions 
analysed and presented in documents approved by the competent unit? 
PE1.3.11 Investment plan: In the overall configuration of the plan, is the solution considered the 
best alternative the one with the lowest cost at present value that complies with all 
restrictions concerning demand, environment and other applicable requirements? Dies it 
specifically include explicit presentation of the selected alternative and the corresponding 
minimum overall cost analysis?  
PE1.3.12 Investment plan: Is information about selected projects presented in a detailed list by 
service stage?  
PE1.3.13 Investment plan: Is information about selected projects presented in a detailed list with 
corresponding costs? 
PE1.3.14 Investment plan: Does information about selected projects include operation Start-up 
deadlines? 
PE1.3.2 Investment plan: Are possible solutions subject to multi-criteria assessment of alternatives 
that explicitly analyses the available options, taking into consideration definition and 
assessment of the available project options in terms of configuration, sizing, analysis 
horizon, technological options, environmental or other restrictions, service delivery and 
environmental regulations, optimal date of operation start-up, restrictions due to 
preparation and implementation times, etc.)? 
PE1.3.3 Investment plan: Are possible solutions subject to assessment of alternatives that applies 
algorithms to minimize investment costs and incremental operating and maintenance 
costs? 
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PE1.3.4 Investment plan: Are possible solutions subject to assessment of alternatives that applies 
facility and service safety, risk and vulnerability criteria? 
PE1.3.5 Investment plan: Are possible solutions subject to assessment of alternatives that takes 
into consideration life cycle assessment (LCA), CO2 emissions, environmental sustainability 
and mitigation of other externalities? 
PE1.3.6 Investment plan: Are possible solutions subject to assessment of alternatives that uses 
duly calibrated and updated tools to analyse hydraulic or hydrological behaviour and 
employs geo-referenced database systems? 
PE1.3.7 Investment plan: In sections that concern drinking water supply, is analysis of current and 
future water sources carried out to determine available flows, quality and water rights? 
PE1.3.8 Investment plan: In sections that concern drinking water supply, are specific proposals to 
reduce unaccounted for water included? 
PE1.4.1 Investment plan: Is a financial assessment carried out for each project or set of projects, 
calculating the net present value (NPV), which includes a projection for each year in the 
investment analysis horizon, investment in replacement, incremental operating and 
maintenance costs, and revenue from service delivery based on present tariffs (or 
expected, if applicable)? Is the discount rate applicable to the utility’s capital cost used? 
PE1.4.2 Investment plan: Is a financial assessment carried out for the plan as a whole, determining 
the NPV and including any financing restrictions the utility may have? 
PE1.4.3 Investment plan: Does the profitability analysis of both the individual projects and the set 
of projects (irrespective of whether the outcome is negative or positive) give feedback to 
project selection and plan formulation? 
PE1.4.4 Investment plan: Does the final plan solely consider projects with a positive NPV, and the 
plan itself has a positive NPV; or the overall plan has a positive NPV, even though some 
projects are not profitable? Is this assessment approved by the competent unit? 
PE2.1.1 Is there an integrated monitoring system that monitors investment plan projects 
formulated in year 0 and projects or works resulting from it? 
PE2.1.2 Is there an integrated monitoring system that records costs of planned projects 
(established at prefeasibility level) and costs of projects (or works) at implementation 
design (or final design) level? 
PE2.1.3 Is there an integrated monitoring system that records costs of planned projects (or works) 
at tender level in relation to costs of projects (or works) at implementation design (or final 
design) level? Are causes for discrepancies over ±20% recorded? 
PE2.1.4 Is there an integrated monitoring system that records final costs of projects (or works) in 
relation to tendered costs? Are causes for discrepancies over ± 20% are recorded? Do final 
costs include all types of modification to the tendered project? 
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PE2.1.5 Is there an integrated monitoring system that monitors deadlines set for start-up of 
investment plan projects planned for year 0 and real dates? Are causes for discrepancies in 
excess of 6 months recorded? 
PE2.1.6 Is information on cost and deadline discrepancies for projects or works reported to senior 
management at least once a year. 
PE2.1.7 Is there systematic information feedback between the project cycle and the project 
planning and preparation process, allowing for adoption of corrective measures in order to 
reduce discrepancies in relevant indicators? Does it include analysis of discrepancies in 
estimated demand, unit costs, etc? 
PE3.1.1a Are there records of existing infrastructure and its condition survey of fixed assets’ 
operational capacities (good, fair or poor).  
PE3.1.1b Are there records of existing infrastructure and its condition survey of fixed assets’ 
operational condition (good, fair or poor).  
PE3.1.2a Is there a plan for maintenance of fixed physical assets based on failure risk analysis, costs, 
etc. 
PE3.1.2b Is there a plan for replacement of fixed physical assets based on failure risk analysis, costs, 
etc. 
PE3.1.3 Are there up-to-date handbooks, detailing operation and maintenance of fixed physical 
assets? 
PE3.1.4 Are corresponding staff trained in IAM? 
PE3.1.5 Is IAM specifically reflected in the utility’s strategic and a unit is assigned responsibility for 
it? 
PE3-V1 Is the annual investment in replacement of infrastructure assets accounted for? 
(differentiating investment in replacement of investment of construction of new 
infrastructure, expansion, etc.) 
PE3-V2 Has the gross value of each of the infrastructure assets of the aqueduct system been 
established? 
PE4.1.1 Is there an analysis detailing the main risks the utility faces, including the corresponding 
probability of occurrence? 
PE4.1.2 Is there a vulnerability analysis specifying the system elements potentially most affected? 
PE4.1.3 Have mitigation measures to reduce system vulnerability been identified and implemented 
and are incorporated in the investment plan. 
FS1.1.1 Are tariffs calculated to cover the total long-term costs of service delivery for a period not 
shorter than 15 years? Are these tariffs determined on the basis of a study completed 
within the year of rating and the preceding years and considering an adequate rate of 
capital cost? 
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FS1.1.2 Is there an automatic tariff indexation mechanism and is applied? (Please write YES if in 
your country the inflation of the last 3 years has not exceeded 3% per year) 
FS1.1.3 Is the tariff structure differentiated by service type (drinking water supply, wastewater 
collection, wastewater treatment), system and geographical area or service area, as 
appropriate? 
FS1.1.7 Are up-to-date financial projections for at least the next 5 years available? Do these 
projections include the balance sheet, income statement and cash flow statement? 
FS1.1.8 Is there a cost system that delivers information by cost centre, service stage (drinking 
water production, drinking water distribution, wastewater collection, wastewater 
treatment and discharge) and activity? 
FS1.1.9 Does the accounting system provide reports on revenue, expenditure and income by 
business unit/locality and by type of service delivered? 
 
2. Quick Scan AM elements 
Element Description 
1 
How the organization's vision and strategic objectives are communicated to internal 
stakeholders 
2 
How the organization's vision and strategic objectives are communicated to external 
stakeholders 
3 The extent to which stakeholder interests are translated into organizational goals 
4 
The extent to which the organization has established and uses a risk model defined by the asset 
owner 
5 
There is a clear division of roles in the organization. The asset owner, asset manager, and 
service providers are explicitly known are clearly differentiated 
6 
The processes are clearly separated between the various roles: the asset owner determines the 
strategic objectives; the asset manager determines the tactics that must be carried out to meet 
these objectives, when to act and where; and the service provider determines how, 
guaranteeing quality in its results 
7 
There is a clear "Long Term Line" in which the organization's mission, vision, values and 
strategic objectives have been translated into asset management activities and vice versa. 
8 
The extent to which the organization can translate the organizational strategy into an Asset 
Management policy 
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The asset management strategy resulting from the asset management policy provides a 
demonstrable picture of the long-term approach to optimizing infrastructure. 
10 
The extent to which the organization can demonstrate the extent to which it complies with 
laws, regulations, the principles of the asset management program, and their evaluation. 
11 The ability of the company to audit the asset management system. 
12 
It is monitored periodically to determine if the asset management system continues to meet 
the organization's requirements, and it is defined where adjustments to the policy, strategy and 
objectives of the asset management plan are required. 
13 Improving processes is a fixed routine in the organization. 
14 Employees have sufficient knowledge/skills/competencies for asset management. 
15 Giving and receiving feedback on your own performance and behaviour is a daily activity 
16 
The organization has a defined vision of the development/competencies/training of employees 
to achieve the objectives of the long-term asset management strategy. 
17 
The organization demonstrably works on the competence and development of employee 
knowledge in the field of asset management. 
18 
There is an established work process that includes documentation and records for risk 
management, planning management measures, optimizing the investment plan, and managing 
performance. 
19 
Has information on the physical and operational condition of assets or a way/methodology to 
obtain information on their condition 
20 
Ability/skills to identify and classify risks concerning the ownership and management of 
infrastructure. 
21 Ability/skills to model risks (risk models, event trees or other risk models) 
22 
Ability/skills to provide information on risk tolerances when these affect the execution of the 
investment plan. 
23 
Ability/ability to translate Asset Management policy and strategy into lifecycle plans for specific 
assets or for certain types of assets. 
24 
Ability/skills to quantify OPEX and CAPEX in relation to added value and risks associated with 
assets 
25 
Ability/skills to prioritize investments in relation to costs, added value and risks according to the 
objectives and strategy of the organization. 
26 
It is possible to adjust the strategic plan and strategic objectives in order to obtain optimal 
strategies and asset plans. 
27 
Internal and external changes affecting asset management activities are transparent; the 
associated risks have been clearly and structurally identified and implemented. 
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The tools, instruments and supplies necessary for asset planning are managed within the asset 
management process. 
29 
Ability/skills to identify, analyse and act in the event of calamities or emergencies to ensure 
continuity of critical facilities and service. 
30 
Ability/skills to manage external service providers through contracts, progress reports and 
other management methods (outsourcing/contractors) 
31 Asset manager ability/skills to define and establish viable plans in collaboration with vendors. 
32 Ability/skills to initiate and implement qualitative improvements (e.g. audits, policy changes) 
33 
Ability/skills to monitor progress and performance to achieve agreed goals and to 
adjust/intervene for deviations when necessary 
34 
The extent to which the organization's strategy and objectives have been translated into asset 
management Key Performance Indicators (KPIs) 
35 
Ability/skills to identify and identify causes of asset failure or situations that affect system 
performance. 
36 
The desired level of performance forms the basis for defining development plans, conservation 
plans, and agreements in service renewal agreements. 
37 The ability/ability to indicate what asset information is required and how it fits into the strategy 
38 
The extent to which asset management processes (including contacts between various roles) 
translate into information needs and the data required for this 
39 Development and management of an asset register (detailed cadastre) 
40 
Asset management record development and management/enhancements (e.g. comprehensive 
studies for specific asset issues) 
41 
Maintenance information is decisive for the creation of new facilities and operation 
alternatives. 
42 The degree to which the information available on the assets is complete, reliable and correct 
43 Planning scenarios are determined based on the asset life cycle approach. 
44 Maintenance plans are continuously monitored to verify compliance. 
45 Asset management principles are the basis for planning investments in new assets. 
46 Reliability Engineering is a crucial part of the asset management process. 
47 Clear development steps are agreed with employees within the asset management process. 
48 Employees clearly understand their individual contribution to the organization's goals. 
49 The development of asset management is an essential topic in the organization. 
50 





D. Appendix: Deterministic deterioration 
models  
1. Linear time models  
i) McMullen (1982) 
This model was applied to the Des Moines (Iowa) water distribution system in order to define the 
time of the first failure in a pipeline. It was concluded that 94% of failures occurred due to corrosion, 
which allows inferring that the network was mostly made up of metallic pipes. Accordingly, this 
model is not directly applicable to non-metallic elements, especially since among the variables 
analysed is the soil pH, its resistivity and the redox potential. The coefficient of determination was 
0.375. 
𝐴 = 65.78 + 0.028𝑆𝑅 − 6.338𝑝𝐻 − 0.049𝑟𝑑  Equation D.1 
where: 
A= age at first failure, in years 
SR= saturated soil resistivity, in Ohm-cm 
pH= soil pH 
rd = redox potential (millivolts)  
 
One of the limitations of this model is that the parameters that characterize the soil are variable 
over time, both due to seasonal conditions and long-term changes, and the representativeness of 
the selected values may be lost. Additionally, a complete geotechnical characterization is not always 
available, plus it is a high-cost activity. 
 
ii) Kettler and Goulter (1985) 
This model was developed on a group of pipes installed in Winnipeg between 1950 and1959. The 
model starts from a linear relationship between the number of failures and the pipe's age; for each 
cohort of pipes. The model application is not complicated but requires to carefully select the 
partitions to ensure that they are representative and statistically significant. The coefficients of 
determination obtained were 0.563 for asbestos cement pipes and 0.103 for cast iron pipes, which 
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improved to 0.884 and 0.672 with the elimination of outliers. The authors found an inverse 
correlation between diameter and number of failures. 
 
𝑁 = 𝑘0 ∗ 𝐴    equation D.2 
where: 
N = number of failures per year 
k0= regression parameter 
A= pipe age, in years  
 
iii) Jacobs y Karney (1994) 
This model seeks to find the probability of non-failure of a pipe, evaluating the variables age and 
length, for cohorts of elements with homogeneous characteristics. The authors defined the 
independence of the faults, taking into consideration that, if there are at least 90 days between two 
failures or more than 20 meters length between them, the second event is considered independent 
of the first. Any independent failure can be an initial failure within a group (cluster) of failures. The 
model was applied to 390 km of 6” cast iron pipes, defining three age groups. Initially, it was applied 
to all registered failures, finding coefficients of determination of 0.704 to 0.937; later, it was applied 
to the subgroup of independent failures, with results of R2 of 0.957 to 0.959. The authors concluded 
that independent failures are distributed homogeneously into the different groups of pipes, and 
associated the differences found in age groups with manufacturing, installation and operation 
processes, rather than with the pipes ageing processes. 
 
𝑃 = 𝑎0 + 𝑎1𝐿 + 𝑎2𝐴    equation D.3  
where: 
P = reciprocal of the probability of a day with no failure events 
L =  pipe length 
A= pipe age, in years  
ai = regression coefficients  
2. Exponential time models 
i) Shamir y Howard (1979) 
This model aims to predict the number of failures per unit length and per year. 
 
𝜆(𝑡) = 𝜆(𝑡0) ∗ 𝑒
𝐴 (𝑡−𝑡0)     equation D.4 
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where: 
t= projected year 
t0= reference year, with a known failure rate 
λ = number of failures per unit length per year (km-1 year-1) 
A= failure rate growth coefficient  
 
According to its authors, exponential growth over time is a better approximation for small diameter 
pipes in which failures are more frequent than for large diameter pipes, where records may not be 
statistically significant (Jeffrey and Marks, 1985). 
 
The model takes as covariates the length, date of installation, history of breaks (number of previous 
failures at instant t); and as partition criteria the material, diameter, type of soil, type of failure and 
traffic loads. Its conception is based on the fact that from the pipe has an initial failure rate different 
from zero. Equation D.4 must be applied to each of the selected cohorts based on the variables that 
influence failure. The assumption that failures are uniformly distributed over all pipes in each cohort 
has been criticized by different authors (Kleiner and Rajani, 2001). 
 
ii) Walski y Pelliccia (1982) 
This model starts from the exponential model proposed by Shamir and Howard and incorporates 
two additional factors: observations on failure rates in large diameter cast iron pipes and previous 
failures; understanding that once a failure occurs, it is more likely the pipe to fail again. They 
established failure frequencies for cast iron pipes according to their manufacturing process, 
existence or not of previous failures, and diameter. 
 
𝑁(𝑡) = 𝐶1 ∗ 𝐶2 ∗ 𝑁(𝑡0) ∗ 𝑒
𝐴 (𝑡+𝑔)    equation D.5 
 
where: 
C1= Correction factor for previous failures: Relationship between the failure frequency for HF 
without previous failures / with previous failures and the general failure frequency for the material 
C2= Correction factor for diameter depending on whether it is less than or greater than 500 mm. 
 
One of the weaknesses identified by Kleiner and Rajani (2001), is that the additional covariates, with 
which the authors sought to improve the Shamir and Howard model, have an impact on the initial 
failure rate but not on its annual growth rate. 
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iii) Clark, Stafford y Goodrich (1982) 
The authors converted the exponential model into a two-phase model composed of a first linear 
phase, between the moment of installation of the pipe and the first failure; and an exponential 
model to predict subsequent breaks, understanding that the time between consecutive failures 
diminishes as the number of events increases. The equations that describe both phases, B.6 and B.7, 
contain a variable that is related to the type of pipe, which acquires a value of 1 if it is metallic, or 0 
if it is reinforced concrete. The authors reported coefficients of determination R2 of 0.23 and 0.47 
for phases I and II, respectively. 
 
𝑁𝑌 = 𝑥1 + 𝑥2𝐷 + 𝑥3𝑃 + 𝑥4𝐼 + 𝑥5𝑅𝐸𝑆 + 𝑥6𝐿𝐻 + 𝑥7𝑇   equation D.6 
𝑅𝐸𝑃 = 𝑦1 ∗ 𝑒
𝑦2𝑡 ∗ 𝑒𝑦3𝑇 ∗ 𝑒𝑦4𝑃𝑅𝐷 ∗ 𝑒𝑦5𝐷𝐸𝑉 ∗ 𝑆𝐿𝑦6 ∗ 𝑆𝐻𝑦7  equation D.7 
where: 
xi, yx = regression parameters 
NY = number of years from installation to first repair 
D = pipe diameter 
P = absolute pressure  
I = percentage of pipe length in industrial area 
RES = percentage of pipe length in residential area 
LH = pipe length in highly corrosive soil 
T = type of pipe (1 for metallic, 0 for reinforced concrete) 
REP =  number of repairs 
PRD = differential pressure 
t = age of pipe at first failure 
DEV =  percentage of pipe length in soil with low and medium corrosion potential 
SL = surface area of the pipe in soil with low corrosion potential 
SH = surface area of the pipe in soil with high corrosion potential 
